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iii                                                                 Abstract 
Abstract 
 
The photocycle of aqueous ruthenium-(trisbipyridine) [Ru(bpy)3]2+ was studied under high 
laser excitation intensities and high sample concentrations with picosecond resolved x-ray 
absorption spectroscopy. In a pump-probe scheme a femtosecond laser pulse promotes a 4d 
electron from the ruthenium to the ligand orbitals, thus creating a metal-to-ligand-charge-
transfer (MLCT) complex. A hard x-ray pulse from a synchrotron source probes the 
ruthenium L3 and L2 edges, monitoring the electronic and molecular structure of the 
ruthenium over the photocycle. The measured x-ray absorption spectrum of the MLCT 
state is in good agreement with the predictions of a theoretical calculation (TT-multiplet 
software). We extract from the spectrum that the excited-state complex can be described by 
D3 symmetry and has a 4d5 configuration. The decay kinetics of the MLCT state are found 
to be strongly dependent on the sample concentration, especially for solutions near the 
solubility limit of [Ru(bpy)3]Cl2 in water. Besides ground-state quenching and triplet-
triplet annihilation a third fast decay component quenches the life-time of the MLCT state, 
tentatively attributed to a cluster effect. This study is the first application of sub-
nanosecond time-resolved x-ray absorption spectroscopy on solvated systems and 
demonstrates its capability as a new tool for the observation of chemical dynamics in 
solvated systems.  
 
 
Résumé 
 
La photoexcitation du ruthénium-(trisbipyridine) [Ru(bpy)3]2+ en solution aqueuse 
concentrée a été étudiée par spectroscopie d’absorption de rayons x, résolue en temps à 
l’échelle subnanoseconde, pour des intensités d’excitation élevées. Dans une expérience 
type pompe-sonde, un pulse laser femtoseconde donne lieu à un transfert d’électron du 
ruthénium (4d) vers les ligands créant ainsi un complexe de transfert de charge metal-
ligand (Metal to Ligand Charge Transfer, MLCT). Une source synchrotron fournit des 
impulsions de rayons x de haute énergie servant à mesurer les seuils d’ionisation L2 et L3 
du ruthénium, dont on peut extraire des informations sur la configuration électronique ainsi 
que sur la structure moléculaire pendant le photocyle. Le spectre d’absorption x de l’état de 
transfert de charge a pu être reproduit par des calculs théoriques (programme TT-
multiplet). Cet accord théorie/expérience nous a permis de déterminer la symétrie (D3) et la 
configuration électronique (4d5) du complexe dans l’état MLCT. La cinétique de relaxation 
de l’état MLCT vers l’état fondamental dépend fortement de la concentration de 
l’échantillon, en particulier pour des concentrations proches de la saturation de l’eau en 
[Ru(bpy)3]Cl2. Au delà des mécanismes habituels d’interactions triplet-triplet et triplet-état 
fondamental, qui réduisent le temps de vie de l’état MLCT, nous proposons une troisième 
effet lié à l’existence d’agrégats contenant les complexes du ruthénium. Cette étude est la 
première application de la spectroscopie d’absorption de rayons x résolue à l’échelle 
temporelle subnanoseconde, pour des systèmes en solution. Elle démontre tout le potentiel 
de cette technique en tant que nouvel outil pour l’observation de la dynamique des 
réactions chimiques en phase condensée.  
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1.  Introduction 
 
Watching atoms on the time scale of their motion would allow a better understanding of 
chemical reaction pathways on a molecular level. One could monitor molecules at various 
stages of vibrational distortion and observe short-lived reaction intermediates with 
geometries that govern the outcome of chemical reactions. The challenge is to find an 
observation method that combines atomic scale resolution with ultrafast temporal 
resolution. Molecular vibrations typically take place on femtosecond (  s) to 
picosecond (10
1510−
-12 s) time scales. Observing them has become possible with the advent of 
femtosecond laser spectroscopy [1]. The core of the technique is to excite a sample 
coherently with a short laser pulse. Thus, all excited molecules have the same initial 
molecular configuration. They form a coherent superposition of collective molecular 
motion of the excited ensemble otherwise known as a wavepacket. A second time-delayed 
laser pulse probes the ensemble of coherently excited molecules and takes a snap-shot of 
the wave-packet. The detection can be the measured absorption of the probe pulse or a 
laser-induced fluorescence yield. The width of the pump and probe pulses determines the 
temporal resolution of this pump-probe spectroscopy. 
 
Optical pulses probe valence orbitals. In order to retrieve structural information from an 
optical probe pulse an a priori knowledge of the potential surface is required. In other 
words, one has to know how the optical absorption spectrum evolves as a function of 
atomic distances to relate the information of the probe pulse with a dynamical picture. This 
transformation of optical information into bond-distance is possible for small molecules 
such as I2 [2,3], NaI [4], Na2 [5,6] and in the case of some elementary chemical reactions 
such as the dissociation of ICN [7] and HgI2 [8]. Throughout the 1990’s [9,10,11,12] the 
complexity of the systems under investigation increased, extending to gas phase organic 
molecules [1], liquids [13,14], solids [15,16,17,18,19] and even biological samples 
[1,9,20,21]. However with increasing size of the molecular system the relationship between 
absorption spectrum and molecular coordinates becomes more ambiguous. One can 
circumvent this difficulty to a certain extent by combining femtosecond pump-probe 
spectroscopy with steady-state spectroscopy and quantum chemical calculations, but 
ultimately a method to yield directly information on atomic distances and bond angles is 
desirable. Structural techniques such as x-ray diffraction, electron diffraction, x-ray 
absorption spectroscopy and neutron scattering can deliver the answer, provided 
sufficiently short and intense pulses of x-rays, electrons or neutrons can be produced. We 
are not aware of any work using neutrons for ultrafast time-resolved studies, but electrons 
and x-rays have been successfully implemented in ultrafast pump-probe experiments. 
Ultrafast electron diffraction in the gas phase helped to determine transient structures of 
molecules in the gas phase with a picosecond temporal resolution [22]. The key to the 
success of electron diffraction lies in the high scattering cross-sections of electrons, which 
can be up to 5 orders of magnitude larger than those of hard x-rays. In addition,  the fact 
that the energy deposited per scattering event is 2-3 orders of magnitude weaker is 
certainly attractive in view of sample damage by radiation from both the pump and probe 
beams. Extending time-resolved electron diffraction to the condensed phase would be a 
major challenge due to the low penetration depth of electrons in matter. The technique is 
most easily applied to the study of surface phenomena. Ultrafast time-resolved x-ray 
diffraction in the picosecond and sub-picosecond domains has been used only over the past 
five years. Most studies deal with issues of material science, such as the dynamics of 
acoustic phonons [23,24,25], heating [26,27], non-thermal behavior of materials at or near 
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the melting point [28,29] and phase transitions [30], which are mainly collective, 
macroscopic phenomena. X-ray diffraction works best with highly ordered samples, 
because the intensity of the diffraction signal depends on the coherent amplification of the 
radiation scattered at each lattice site. Also, the laser should excite as many lattice sites as 
possible in order to have a homogenous phase. This often implies irreversible 
photochemical and/or laser-induced structural damage to the crystal. Although a complete 
measurement of structure would require the measurement of many different diffraction 
peaks, most of the above studies were for practical reasons limited to a single Bragg peak. 
Two recent publications, however, report on measurements of a more extended diffraction 
pattern. One is the powder diffraction study of the N,N-dimethylaminobenzonitrile crystal 
at a temporal resolution of 100 ps, where several Bragg reflections were simultaneously 
recorded and geometries of different short-lived transients could be extracted [31]. The 
other is a sequence of 6 snapshots of the Laue pattern of photoexcited carboxymyoglobin 
(MbCO) ranging from the subnanosecond to the microsecond time scales, showing the 
movement of photodetached CO from the heme center [32]. Most natural and preparative 
chemistry takes place in liquid media. However, to date, there has been only one successful 
time-resolved x-ray scattering experiment, which studied the photo-dissociation reaction of 
I2 in solution [33]. The difficulty of x-ray scattering experiments on disordered and low 
concentrated samples is the weak signals, which ride on an intense solvent-induced 
background scattering pattern. A promising technique for the study of solvated and/or 
disordered systems is time-resolved x-ray absorption spectroscopy. The potential of x-ray 
absorption spectroscopy is discussed in § 2. The following paragraphs summarize its main 
advantages and give a short overview on important experiments which have implemented 
x-ray absorption spectroscopy in a pump-probe scheme. The overview is organized by the 
temporal resolution of the experiments, from micro- and milliseconds to the state-of-the-art 
experiments with picosecond resolution. A very detailed review can be found in [34]. 
 
X-ray absorption spectroscopy is well-suited for the study of disordered systems. Unlike 
any diffraction technique it does not rely on a long range order of molecules within the 
sample, therefore it can be implemented in any type of media (gas, liquid, solid). Due to its 
high atom selectivity one can interrogate one type of atom specifically even in low 
concentration, e.g. one particular atom of a compound in a bath of solvent molecules. X-
ray absorption spectroscopy yields both electronic and structural information about the 
atom of interest. This includes the oxidation state, the occupancy of valence orbitals, the 
geometrical arrangement of the neighboring atoms and their distance to the atom of 
interest. The first implementation of x-ray absorption spectroscopy in a pump-probe type 
experiment was on photobiological reactions, namely the dissociation of the CO ligand 
from carboxymyoglobine (10 mM aqueous solution) and its recombination over time-
scales of micro- to milliseconds [35]. A Nd-Yag laser synchronized to the x-ray pulses 
from a synchrotron source photoexcited the sample and 7 keV x-rays probed the iron K-
edge, hereby monitoring an edge shift for the photolyzed species to lower energies and a 
change in the pre-edge transition (1s to 3d). Chen and co-workers extended x-ray 
absorption spectroscopy to the nanosecond (ns) regime with the study of transient 
processes resulting from the photodissociation of NiTPP-L2 (NiTPP = nickel 
tetraphenylporphyrin; L= piperidine) with x-rays from a synchrotron [36,37]. Upon laser 
excitation the nickel complex ejects the two piperidine ligands and forms a square planar 
complex. When piperidine is also used as a solvent, the two piperidine molecules 
recombine with the nickel complex on a 28 ns time-scale. A sextuplet train of x-ray pulses 
spanning 14 ns was used to probe the nickel K-edge to answer the question, whether the 
ligands recombine simultaneously or a penta-coordinated intermediate is formed. Typical 
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data acquisition times for recording an x-ray spectrum were ~20 hours. Furthermore, in 
these experiments the time delay between laser and x-ray pulses was fixed and the time 
window for probing quite large (14 ns). In an ideal experiment these two limitations should 
be overcome in order to probe intermediate states and/or structures in a given photocycle. 
This is now feasible thanks to recent advances in the picosecond (ps) / femtosecond (fs) 
time domain as discussed in the following. In the pioneering experiment in ultrafast x-ray 
absorption spectroscopy, Wilson and co-workers carried out a pump-probe study of the SF6 
molecule using x-rays from a laser-generated plasma [38]. The laser-produced plasma on a 
molybdenum target generated a continuum around 2.4 keV (covering the sulfur K-edge) 
with a 1.5-3 ps pulse duration. The x-ray transmission through a laser excited SF6 gas 
sample showed the disappearance of the strong shape resonance on the sulfur K-edge, 
which indicates photodissociation of the molecule. The work-horse of time-resolved x-ray 
absorption spectroscopy is currently the synchrotron source. Its advantages are its wide 
tunability in photon-wavelength (infrared to γ-rays) and its brightness (high flux, small 
beam divergence). The wide range of available photon energies is not only favorable for 
covering the absorption edges of most of the known elements, but it is useful for extended 
scans of the absorption spectra (i.e. EXAFS spectroscopy, see § 2). The high brightness 
allows the collection of a maximum of photon flux from the source and a small focus on 
the sample, which reduces the necessary probe volume (more in § 5.3). In the following 
examples the picosecond pulsed time-structure of synchrotrons was exploited for pump-
probe experiments. Adams and co-workers [39] used 150 ps x-ray pulses from a 
synchrotron source to probe the laser-triggered dynamics of holes in the valence band of 
gallium arsenide. The advantage of x-ray probing over visible probing is the access to 
direct information on the electronic density of states and the occupation density. Optical 
spectroscopy operates only within band structures and yields convolutions over 
intermediate states only. Falcone and co-workers used 70 ps soft x-ray synchrotron pulses 
to study the semi-conductor solid to metallic liquid phase transition of silicon [40] and the 
bonding in liquid carbon [41] via x-ray absorption spectroscopy. The properties of the 
liquid carbon are little understood mainly due to the difficulty of performing experimental 
studies on liquid carbon, as it requires high temperatures (> 5000 K) and pressure (> 20 
MPa). Sudden heating of the solid with an ultrashort laser pulse can allow such conditions 
to be met and a high temporal resolution can probe the material properties. The group used 
an x-ray streak camera to improve the temporal resolution of their experiment down to 
5 ps. To our current knowledge only one picosecond time-resolved x-ray absorption study 
on dynamics in solvated systems has been published apart from the work in this thesis. 
Chen and co-workers [42] probed with 100 ps x-ray pulses the excited-state dynamics and 
structure of [CuI(dmp)2]+ in acetonitrile solution (dmp = 2,9-dimethyl-1,10-
phenanthroline). Upon laser excitation a metal-to-ligand-charge-transfer (MLCT) complex 
is formed, which changes its coordination from 4 to 5 and a shortening of 0.04 Å in the Cu-
N bond is observed. The coordination of one Lewis basic solvent molecule causes the 
excited-state quenching (τ ~2 ns). However, the time delay between pump and probe pulses 
was not scanned and the data accumulation times were still very long (~40 hours). 
 
Ultrafast time-resolved x-ray absorption spectroscopy is a nascent field and considerable 
effort is still needed to fully establish it as a routine technique. This work contributes to the 
field of picosecond resolved x-ray absorption spectroscopy in solvated systems. It focuses 
on the study of the photocycle of ruthenium-(trisbipyridine) ( [Ru(bpy)3]2+ ), which is at 
the origin of many important applications as a photocatalyst (§ 4). Although [Ru(bpy)3]2+ is 
one of the most intensely studied transition metal complexes a number of questions 
concerning its excited-state properties remain unanswered, such as the geometry of the 
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excited-state molecule or the production of secondary products (dark states) in its 
photocycle, which could not be revealed by optical studies. With this first application of 
time-resolved x-ray absorption spectroscopy on the study of the photocycle of [Ru(bpy)3]2+ 
we approach these unanswered questions with a new analytical tool. 
Chapter 2 introduces x-ray absorption spectroscopy as an analytical tool for the study of 
the electronic and molecular structure. Chapter 3 gives a detailed description of the 
experimental set-up including the challenges, which have to be overcome in order to 
improve the weak signal-to-noise ratio in the data. The description of the set-up is followed 
by an overview on the photochemistry of [Ru(bpy)3]2+ and chapter 5 contains theoretical 
considerations for the optimization of a laser pump x-ray probe experiment on two specific 
cases: [Ru(bpy)3]2+ and [Fe(CN)6]4-. Chapters 6 and 7 contain the time-resolved optical and 
x-ray measurements on [Ru(bpy)3]2+, respectively, and the interpretation of the results. A 
summary of this work and an outlook on future experiments with this set-up in particular 
and the future of time-resolved x-ray absorption spectroscopy in general conclude this 
work. 
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2.  Overview on X-ray Absorption Spectroscopy 
 
X-ray absorption spectroscopy (XAS) is a powerful tool for the study of the electronic 
structure of an atom of interest as well as the surrounding molecular structure. This chapter 
introduces x-ray absorption spectroscopy and discusses how information can be drawn 
from x-ray spectra. Relevant and comprehensive literature on the subject can be found in 
[1,2,3]. 
 
 
2.1 Absorption Cross-Sections and Absorption Edges 
When an x-ray photon passes through matter there are two possible modes of interaction: 
scattering and absorption. In the case of absorption a photon is destroyed and its energy is 
transferred to the electronic system of an atom. The phenomenological Lambert-Beer 
equation 
          (2.1)  
dceII ⋅⋅−⋅= σ01
 
describes the transmitted x-ray intensity  through a sample.  is the incident x-ray 
intensity, c the sample concentration [particles/mm
1I 0I
3] and d the sample thickness [mm]. The 
x-ray absorption cross-section σ  [mm2/particle] takes into account both scattering and 
absorption processes. σ  depends on the photon energy E and follows in general a 3/1E  
dependence. The x-ray absorption cross-section exhibits discontinuities at the ionization 
thresholds, where core electrons are ejected from the atom. Figure 2.1a illustrates the 
dependence of the absorption cross-section of ruthenium on photon energy as calculated 
from tabulated atomic scattering factors (appendix A).  
 
edge   term
M5
M4
M3
M2
M1
L3
L2
L1
K
2D5/2
2D3/2
2P3/2
2P1/2
2S1/2
2P3/2
2P1/2
2S1/2
2S1/2
continuum
0 10000 20000 30000
10-19
10-18
10-17
10-16
10-15
L-edges
 
 
σ /
 m
m
2
photon energy / eV
K-edge
M-edges Ru
a) b)
 
Figure 2.1. a) X-ray absorption cross-section of ruthenium as a function of photon energy. 
The edges in the absorption cross-section are due to the ionization thresholds of core-
electrons b) Energy-level diagram for transition from core shells to the continuum. 
 
 
The discontinuities in the spectra are labeled according to the atomic shell from where the 
electron is ejected. “K” describes a transitions from a 1s orbital, “L” from 2s or 2p, “M” 
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from 3s, 3p or 3d, etc.. The angular momentum and spin-orbit coupling also influence the 
energy of the ionization threshold, which is why the L-transition appears as a triplet with 
2s (L1), 2p (L2, L3) and the M-transition as a quintet (figure 2.1b). The ionization energies 
are element specific. Thus, elements can be identified by measuring their x-ray absorption 
spectra ( ( 10log II )). The spectrum near the ionization threshold of an element is much 
richer than one would guess from the simple picture in figure 2.1. Just below the 
continuum step additional features appear which are due to transitions of core-electrons to 
partially occupied or fully unoccupied valence orbitals (figure 2.2). Up to a few tens of eV 
above the ionization threshold the so-called shape resonances can appear which are due to 
multiple scattering processes. The ensemble of these features is the x-ray absorption near 
edge structure (XANES) and is discussed in the following paragraph (§ 2.2). For energies 
of tens to hundreds of eV above the ionization threshold an oscillatory behavior is 
observed, which arises predominantly from single scattering events and is called extended 
x-ray absorption fine structure (EXAFS), to be described in § 2.3. 
 
 
2.2 XANES 
The region near the ionization threshold up to 20-50 eV above corresponds to the XANES. 
First we will discuss the region below the ionization threshold and a second paragraph will 
be dedicated to the near edge region above the ionization threshold. The absorption 
features below the ionization threshold can be described by transitions from core levels to 
empty (figure 2.2) or partially filled bound orbitals, which obey – just like in optical 
spectroscopy – dipole selection rules, i.e Fermi’s Golden Rule [1,2,4,5]. The amplitude of 
the absorption signal Atrans  is, thus, described by: 
 
   ρϕϕ ⋅⋅∝ 2ˆˆ iftrans reA ,     (2.2) 
 
where iϕ  and fϕ  are the wave functions describing the initial and final state of the 
absorber,  is the polarization vector of the electric field of the x-ray photon and eˆ rˆ  is the 
position vector. ρ  is the energy density of the final states. 
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Figure 2.2. Neon K-edge spectra. The inner-shell to bound transitions below the ionization 
threshold (“edge”) are clearly visible [6]. 
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Expression (2.2) imposes the following selection rules for the different atomic quantum 
numbers:  
 
principle quantum number    ∆n = any integer 
orbital angular momentum quantum number  ∆l = ±1 
magnetic quantum number    ∆m = ±1, 0 
 
In a molecular system transitions from core levels to unoccupied bound states are 
transitions to molecular orbitals, which depend on the type of neighbor, the type of 
bonding (e.g. ionic, covalent) and the geometry of the system. For example, the oxidation 
state of an atom in a molecule or crystal can be measured by the “valence shift”, which is 
the shift of the ionization threshold depending on the effective atomic charge. Since the 
ionization threshold overlaps with the XANES features it is not always straightforward to 
determine its energy. Alternatively, a linear dependence of the energy position of the first 
XANES peak (or peaks) with the oxidation state of the atom has been demonstrated and 
proposed as a means to determine the latter [7,8]. Figure 2.3 gives an example on iron(II) 
and iron(III) compounds showing the XANES region of the Fe K-edge. In the region near 
7115 eV we see very weak 1s-3d transitions (A), which are normally symmetry-forbidden 
in octahedral geometry, followed by two strong multiple scattering resonances (B and C) 
[9,10] (this type of feature will be explained in the next paragraph). The ionization step is 
buried somewhere underneath the XANES features. Although we cannot pin-point its exact 
position, we can observe the shift of the ensemble to higher photon energy for the Fe(III) 
compound. Thus, by comparing the spectra we can distinguish between the oxidation 
states. 
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Figure 2.3. Iron K-edge absorption spectra of [FeII(CN)6]4- and [FeIII(CN)6]3-. The shift of 
the first XANES  peak of the FeIII compound is obviously shifted to higher photon energies 
compared to the corresponding FeII compound.  
 
 
This procedure of using the spectra of reference compounds to determine oxidation states 
must, however, be applied with some care. A shift in the ionization threshold can also be 
caused by a difference in the chemical environment of the absorber. These “chemical 
shifts” are a measure of the degree of covalent or ionic bonding between the absorber and 
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surrounding atoms [11]. The geometry of the molecule for the bound to bound transitions 
is important insofar as it can cause a splitting between degenerated orbitals. In metal-
centered complexes, for example, the splitting of the d-orbitals can be probed by measuring 
the 2p-4d transitions at the L-edges. This is in important aspect of the work presented here 
and will be discussed in detail in § 7. 
 
Multiple scattering events govern the region above the edge as illustrated in figure 2.4. An 
absorber atom (A) ejects a photoelectron, which is described as the propagation of a 
spherical wave. The amplitude of the outgoing wave decays with the distance to the 
absorber. A neighboring atom S1 scatters the electron-wave from A and becomes itself the 
origin of a new photo-electron wave. In the hypothetical 3-atomic molecule of figure 2.4 a 
second neighboring atom S2 scatters the electron-wave from S1. In the overall picture are 
now three sources of photoelectron waves, which interfere with each other. 
 
A
S1
S2
 
 
Figure 2.4. Multiple scattering processes. A is the absorber atom, S1 and S2 are 
neighboring atoms in this hypothetic 3-atom molecule. The amplitude of the outgoing 
photo-electron wave is indicated by the line width. 
 
 
In highly symmetric molecules (e.g. SF6, CF4, SiCl4 etc.) strong resonances can appear, 
which behave like a quasi-potential superimposed on the Coulomb potential of the central 
atom. Photo-electrons are temporarily trapped in these potentials, which increases the 
absorption probability of x-rays with the appropriate energy. In x-ray absorption spectra 
this enhanced absorption by multiple scattering is called a shape-resonance [12]. It is clear 
from figure 2.4 that the angle between A, S1 and S2 and their distances to each other have 
an important effect on the interference pattern of the backscattered photoelectron wave. 
The use of XANES as a structural technique has been hampered by the multiplicity of 
effects which overlap in the near edge region. However, computer simulations are 
beginning to make quantitative analysis possible [13,14,15]. 
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2.3 Multiplet Calculations 
§ 2.2 introduced XANES spectroscopy and described qualitatively the different effects that 
influence the shape of the spectra. This paragraph focuses on the quantitative description of 
transitions of core electrons to empty or partially filled bound orbitals. The aim is to 
calculate the wavefunctions of the initial and final states (equation 2.2) and also their 
eigenvalues. A more detailed description is given elsewhere [16,17,18]. 
 
The Hamiltonian  
 
        (2.3) lseeavatom HHHH ++= *
 
is used to calculate the energy levels of atomic states in spherical symmetry. It contains the 
three components Hav, , H*eeH ls , which are discussed in the following. 
Hav calculates the average energy of a given electronic configuration, i.e. the kinetic energy 
of the electrons ∑
N
i
m
p
2
2
, their interaction with the nucleus ∑ −
N ir
Ze2  and the spherical 
average of the electron-electron interaction ∑
pairs ijr
e2 . 
  ∑∑∑ +−+=
pairs ijN iN
i
av r
e
r
Ze
m
pH
222
2
     (2.4) 
 
N gives the number of electrons in the configuration with momentum pi and electron mass 
m. Z is the number of charges e in the nucleus. ri is the electron-nulceus, ri j the electron-
electron distance. The energies of the different states within a given configuration depend 
on the interaction of  and H*eeH ls.  is the non-spherical part of the electron-electron 
interaction. 
*
eeH
 
  ∑∑ −=−=
pairs jipairs ji
eeeeee r
e
r
eHHH
22
*     (2.5) 
 
It contains direct Coulomb terms for the repulsion of electrons within the same shell (e.g. 
d-d interactions or p-p interactions) and electrons within different shells (e.g. p-d). Also, 
Coulomb exchange terms are included, which is the interchange of coordinates of two 
particles within the Schrödinger equation, thus taking into account their spins. These 
correlation effects can be restated in the terminology of atomic physics as “multiplet 
effects”, which modify the spectral shapes compared to a single-particle picture. Hl s is the 
spin-orbit coupling for each electron  
 
         (2.6) ∑ ⋅=
N
iiisl slrH )(ζ
with the orbital momentum l and the electron spin s, which couple via a constant ( )irζ . 
The spin-orbit coupling is the reason why, for example the excitation from a 2p level gives 
rise to the L2 (2p1/2) and L3 edges (2p3/2), which are separated by 3/2 times the core spin-
orbit coupling p2ζ . The above mentioned calculations apply to isolated atoms. In a 
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complex molecule, e.g. [Ru(bpy)3]2+ , the ligands add an electrostatic field effect (Hcrystal), 
which is treated as a perturbation to the atomic Hamiltonian: 
 
  .       (2.7) crystalatom HHH +=
 
The electrostatic field Hcrystal is the product of an electronic charge e and a potential , 
which describes the surroundings: 
)(rV
 
  )(rVeHcrystal ⋅= .       (2.8) 
 
The potential can be expressed in terms of spherical harmonics in the form [19]: 
  ,     (2.9) ∑ ∑∞
= −=
⋅⋅=
0
),()(
n
n
nm
nm
n
nm YrArV φθ
 
where r, θ  and φ  are the polar coordinates with the ion nucleus as origin. Anm is a 
coefficient and Ynm are spherical harmonic functions. A trigonally distorted field of point-
charges (e.g. in [Ru(bpy)3]2+ ) has the potential [20,21]: 
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The distance a to the point-charges is assumed equal and the trigonal distortion is 
represented by the variation of the angle α, the angle between any bond and the principal 
rotation axis (α = 54.7° in Oh symmetry, α = 59.3° in [Ru(bpy)3]2+). 
 
We use the “TT-Multiplets” software (TT after Theo Thole, one of the authors) [22] for the 
calculation of the wavefunctions and their eigenvalues in the initial-state 2p64dN multiplet 
and the final-state 2p54dN+1 multiplet, which is created upon absorption of an x-ray photon. 
An ab initio calculation based on Hatree-Fock determines the wavefunctions and their 
eigenvalues in spherical symmetry. Then the crystal field effect is included, which projects 
the atomic multiplets to trigonal symmetry. The crystal field parameters are used as 
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variables in order to find the best fit with the experimental data. The dipole selection rules 
(equation (2.2)) are applied to the transitions between the initial-state multiplet and the 
excited-state multiplet and the obtained line-intensities are broadened by Gauss and 
Lorentz functions accounting for the experimental resolution and the core-hole lifetime, 
respectively. § 7.5.2 presents the application of the “TT-Multiplet” code on the system 
[RuII(bpy)3]2+ and its MLCT state [RuIII(bpy)2(bpy)-]2+. 
 
 
2.4 EXAFS 
EXAFS is the oscillatory modulation of the absorption cross-section on the higher energy 
part of an absorption edge (see figure 2.5).  
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Figure 2.5. K-edge X-ray absorption spectra of a copper foil. The oscillatory modulation 
above the edge is the EXAFS signal [6]. 
 
 
The fine-structure χ  can be extracted from the spectrum by normalizing the oscillating 
part of the absorption cross-section (σ-σ0) to the edge, which is the absorption cross-section 
0σ  of the isolated atom minus the extrapolated pre-edge background bσ  (see also figure 
2.5). 
 
    
bσσ
σσχ −
−=
0
0       (2.12)  
 
Typical EXAFS modulations have amplitudes between 1-20 % of the edge jump and can 
stretch over hundreds of eV. This oscillatory modulation of the absorption cross-section is 
mainly due to single scattering events of the outgoing photoelectron from neighboring 
atoms. Multiple scattering events (like in XANES) become less likely at higher 
photoelectron energies, because the scattering cross-section decreases. Reduced to single 
scattering events the analysis of the EXAFS region is simplified and can be described by 
the phenomenological equation (2.13) [23]. 
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+⋅⋅⋅⋅⋅⋅⋅=
⋅−⋅−∑ φχ λσ  (2.13) 
The sum is over Nj neighboring atoms of the jth-type at distance rj with backscattering 
function Fj and Debye-Waller factor jσ , which takes into account thermal vibration and 
static disorder. Sj is the amplitude reduction factor and 
( )kr jje λ⋅−2  includes the effect of 
inelastic losses with λ  expressing the electron mean free path. The term ( )kr jje λ⋅−2  is the 
main factor limiting the range of the photoelectrons and permits a short-range order 
description of EXAFS even in crystalline materials. ( )kikφ  is the total phase shift to which 
the absorber and the backscattering atom contribute. The wave vector k is calculated from 
the energy E of the absorbed photon and the energy E0 of the ionization threshold via: 
 
    ( )022 EEh
mk −⋅⋅=      (2.14) 
 
with electron mass m and Planck’s constant h. Equation (2.13) makes it possible to obtain 
average radial bond distances and the number of neighbors from the fine structure. 
 
X-ray absorption spectroscopy (combining XANES and EXAFS) offers the following 
advantages: 
 
a) It can be implemented in any type of media (gas, liquid, solid). 
b) It is highly selective, since one can interrogate one type of atom specifically by 
simply tuning the x-ray energy to its ionization thresholds. 
c) It probes mainly the local structure around the atom of interest. 
d) It delivers both electronic and structural information. 
e) The precision of structural determination by EXAFS is on the order of 
Å, which makes it sensitive to small structural rearrangements.  32 1010 −− −
 
The above mentioned advantages are particularly attractive for the study of solvated 
systems, where a small concentration of solute molecules can be detected in a bath of 
solvent species (see b). The sensitivity of x-ray absorption spectroscopy to short range 
order can probe the local structure of the environment of the solute (c,e). Electronic 
information about the atom of interest, e.g. oxidation state and occupancy of valence 
orbitals, complement the chemical analysis of the system (d). Combining x-ray absorption 
spectroscopy with a temporal resolution in the order of molecular dynamics (ultrafast 
pump-probe scheme) makes it a powerful tool for the study of molecular rearrangements 
and electron redistributions (e.g. redox reactions) during an on-going chemical reaction. 
Many processes in chemistry, biology and material science take place in solution and can 
be studied with time-resolved x-ray absorption spectroscopy. 
 
 
2.5 Limits of Temporal Resolution in X-ray Absorption Spectroscopy 
The absorption process itself takes a certain amount of time for the ejection of the 
photoelectron, backscattering and interference. We can make a crude estimate by looking 
at the core-hole lifetimes (τ ) of atoms, which can be calculated via the known 
homogeneous line-width (ϕ ) [24]. For ruthenium the line widths (full width at half 
maximum = FWHM) are given in table 2.1 and the core hole lifetimes have been 
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calculated via ϕτ h≈ , where h  is the Planck constant ( eV s). For 
ruthenium and more generally for all inner-shell electrons with ionization energies above 
1 keV these processes are mostly completed well within ~1 fs. 
16105822.6 −⋅ ⋅
 
Table 2.1. homogeneous line widths of ruthenium [24] 
edge K LI LII LIII
ϕ    / eV 5.33 4.58 2.23 2.00 
τ    / fs 0.12 0.14 0.30 0.33 
 
It is evident that XANES and EXAFS take truly instantaneous snapshots of immobile 
atoms, even during a violent chemical reaction. Therefore, implementing fast or ultrafast 
time-resolved XAS via the pump-probe scheme is straight forward. X-ray spectroscopy can 
increase its temporal resolution easily by three orders of magnitude from the current 
picosecond resolution down to femtoseconds, before the effect of the core-hole life-time 
complicates the picture. 
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3. Experimental Set-up 
 
This chapter reports on the apparatus used for carrying out time-resolved x-ray absorption 
spectroscopy experiments in transmission mode at a synchrotron source (see also ref.[1]). 
It describes the x-ray source, the beamline, the laser source, the synchronization between x-
ray and laser pulses, the sample chamber and sample preparation and finally the data 
acquisition scheme. Figure 3.1 displays the main elements required for the set-up. 
 
laser 
detector
sample
mirror
synchrotron
storage ring
x-ray chopper
double crystal
monochromator
data acquisition
sample chamber
 
 
Figure 3.1. Schematic set-up for a laser-pump x-ray-probe experiment. X-rays from a 
synchrotron are guided through a beamline into the sample chamber, where they overlap 
with synchronized laser pulses at the sample position. The laser pulses excite the sample 
while the x-ray transmission probes the photo-induced dynamics. 
 
 
 
3.1 Synchrotron Radiation 
Synchrotron radiation is the electromagnetic field emitted by relativistic, accelerated 
charged particles [2]. It is emitted tangentially from the curved particle trajectory as 
indicated in figure 3.2 for a single electron. The radiation has a vertical divergence Ψ and a 
horizontal divergence θ.  
electron orbit
synchrotron
radiationvertical divergence Ψ
horizontal divergence θ
e-
 
Figure 3.2. Synchrotron radiation from a bend magnet 
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Synchrotron sources are pulsed sources. The filling pattern of a synchrotron storage ring 
defines the temporal structure of the radiation. The radio frequency of the storage ring 
creates potential wells (or “buckets”), along the ring which can be filled with electrons. For 
example, inside the ALS storage ring used in this work there are 328 buckets. The 
electrons in a bucket form an electron bunch of 50-100 ps length. Adjacent bunches are 
separated by 2 ns. Our time-resolved experiments are carried out in the so-called camshaft 
mode shown in figure 3.3. In this mode, the ring is filled with 276 electron bunches, each 
contributing 1.4 mA to the overall ring current and one single bunch, which contributes 
10 mA, within a 100 ns empty section. This isolated electron bunch is called the 
“camshaft” pulse. A modestly fast x-ray detector (e.g. a large area avalanche photodiode) 
can single out radiation from the camshaft pulse (figure 3.4). This pulse is then suitable as 
a probe pulse for the time-resolved experiments. Table 3.1 summarizes the parameters of 
the storage ring. 
bucket 318
camshaft pulse
bucket 276
bucket 1
 
 
Figure 3.3 Electron filling pattern used in our experiments at the ALS. In total there are 
328 possible electron buckets. In the camshaft mode at the Advanced Light Source buckets 
1 to 276 are filled and a single pulse, the camshaft pulse, is placed in the gap between the 
empty buckets 277 and 328 (typically bucket 318). 
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Figure 3.4. Oscilloscope trace of the x-ray train recorded by a large area avalanche 
photodiode. Due to its slower response its signal on the multibunch train averages 
approximately 10 bunches, which in return lets the much more intense single camshaft 
pulse appear smaller in the figure. 
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Table 3.1. storage ring parameters at the ALS [3] 
beam particle electrons 
beam energy 1.9 GeV 
beam current 400 mA 
filling pattern "camshaft mode" 276 bunches à 1.4 mA 
1 camshaft bunch of 10 mA in filling gap 
bunch spacing 2 ns 
camshaft bunch length 70 ps [4] 
camshaft repetition rate 1.52 MHz 
circumference 196.8 m 
beam lifetime ~6.0 hours at 400 mA 
 
 
 
3.2 Beamline 
The quality of a light source is often measured by its brightness. The brightness is defined 
as 
 
bandwidthtime
photonsbrightness ⋅Ψ⋅⋅= θ .   (3.1) 
 
The angles θ and Ψ are the horizontal and vertical divergence of the source (see fig. 3.1), 
respectively, each measured in mrad. Furthermore, the bandwidth is defined as dE/E, 
where E is the photon energy. In terms of brightness, the bend magnet is the weakest 
source at a synchrotron. Wigglers are about one and undulators up to three orders of 
magnitudes brighter as illustrated in figure 3.5. Although insertion devices are the brighter 
sources, we used the bend magnet beamline 5.3.1 at the ALS for our experiment (at 3000 
eV), because this beamline is integrated with a femtosecond laser system for pump-probe 
measurements. In the following the main elements of beamline 5.3.1 are presented (figure 
3.1). 
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Figure 3.5. Brightness curves for undulator (proposed at ALS), wiggler and bend magnet 
(already existing at ALS). 
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The synchrotron radiation emitted from a 1.27 Tesla bend magnet is collected by a toroidal 
platinum coated mirror, which has a physical size of 900 mm (length), 65 mm (width) and 
75 mm (depth). The mirror provides a 1:1 double focus 24 m from the source, which 
images the electron beam source, approximately 50 µm (vertical) x 250 µm (horizontal). 
An aperture in front of the platinum mirror cuts out flux vertically, so that slope errors on 
the edges of the mirror do not perturb the beamprofile. Taking the effect of the vertical 
aperture into account the focusing mirror has a vertical acceptance of +/- 0.167 mrad 
(0.333 mrad full angle) and a horizontal acceptance of 3 mrad. The mirror is mounted at a 
grazing incidence angle of 5 mrad. A Ge(111) double crystal monochromator (which is 
located 2 m upstream from the focus) selects monochromatic x-rays from 2.2 keV to 
12 keV with an energy resolution of 4103 −⋅=∆ EE  to 1·10-3 bandwidth, respectively 
(appendix C). The double crystal monochromator consists of a pair of parallel Ge(111) 
crystals, which are mounted on a goniometer. The upper crystal has translation, pitch and 
roll adjustments. Pitch and roll adjustments allow fine-tuning of the parallel alignment of 
the two monochromator crystals, and a translation adjustment for the second crystal keeps 
the reflected beam, which leaves the monochromator, at a fixed output height while 
scanning the photon energy. A mechanical chopper placed before the monochromator cuts 
out an average of 95 % of the x-ray flux to reduce the overall heat load on the first 
monochromator crystal, which is necessary since the monochromtor is close to the focus. 
More details of the beamline set-up are given in ref. [5]. Figure 3.6 depicts the photon 
energy resolution and the spectral dependence of the number of photons per camshaft pulse 
(the calculations can be viewed in appendices B and C). 
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Figure 3.6. Energy resolution of the x-ray flux (dashed line) and flux as photons/camshaft 
pulse (solid line). 
 
 
 
3.3  Sample Chamber 
Figures 3.7 and 3.8 show the sample chamber, in which the pump-probe measurements are 
carried out. The x-rays enter the sample chamber through a 50 µm beryllium window, 
which is mounted on a flange on the upstream side of the chamber. The beryllium (Be) 
window separates the ultrahigh vacuum of the beamline from the chamber, which is purged 
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with helium (He) at atmospheric pressure (see § 3.4). Also on the upstream side of the 
chamber is a quartz window for the laser light and a viewport for monitoring the sample 
with a video camera. The side flange on the bottom part of figure 3.8. carries a breadboard, 
on which a motorized yz translation stage is mounted. The motorized stage positions the 
sample in the x-ray beam. The flange on the other side consists of a Plexiglas window, 
through which the experiment can be observed. An x-ray detector is placed 20 cm behind 
the sample for transmission signal measurement. 
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Figure 3.7. Side-view of sample chamber without flanges. 
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Figure 3.8. Schematic top-view of the sample chamber. 
 
 
 
3.4 Sample Handling 
Our samples are liquid solutions, which have to be kept under atmospheric pressure to 
avoid excessive evaporation of the solvent. A helium atmosphere is the best choice, since 
the gas is chemically inert and has a high x-ray transmission. The sample is a free flowing 
jet, because any container (e.g. a flow cell) would absorb a large fraction of the x-ray flux 
and would be damaged by the high laser intensities at the sample position. Sapphire 
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nozzles create thin and smoothly flowing jets due to their highly polished surfaces. 
Sapphire is also corrosion resistant, which allows working with oxidizing compounds. The 
nozzle creates a thin, flat jet at the point where the x-ray and laser beams overlap, as 
indicated in figure 3.9. We typically choose a nozzle so as to obtain a thickness of the jet of 
100 – 500 µm, depending on the experiment [6,7]. The liquid has a velocity of ~5 m/s, 
which is fast enough to ensure the renewal of the sample at the repetition rate of the 
measurement. The jet is caught and recycled by passing through a reservoir, which is also 
kept under helium atmosphere to avoid leakage from the sample chamber. 
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Figure 3.9. Sapphire nozzle. The two possible directions (y and z) of displacing the sample 
are indicated. The x-ray beam is perpendicular to the two directions of displacement 
 
 
 
3.5 Laser Source 
In time-resolved x-ray absorption measurements intense laser pulses are needed to excite a 
significant fraction of the sample (§ 5 and ref.[7]), therefore we use an amplified 
femtosecond laser system. The laser oscillator is a Ti-sapphire based Kerr-lens mode 
locking system (parts from Kapteyn-Murnane Laboratories) pumped by a 5 W, 532 nm, 
CW diode laser (Millenia, Spectra-Physics) [8]. The oscillator cavity has a length of 1.8 m, 
which yields 50 fs pulses at a 83.3 MHz repetition rate and a central wavelength of 800 
nm. At a 1 kHz repetition rate these pulses are amplified by a commercial two-stage 
amplification system (Positive Light). First the pulses are stretched to a length of 200 ps to 
avoid high peak intensities on the optics inside the amplifier. Then the stretched pulses 
enter the cavity of the regenerative amplifier. The switching of a Pockel's cell defines 
which of the seed pulses will be trapped inside the cavity for amplification. The 
Ti:sapphire crystal inside the regenerative cavity is pumped by a 10 W, 527 nm, 1 kHz 
Nd:YLF laser (Merlin, Spectra Physics). After about 10 round trips inside the regenerative 
cavity the seed pulse is amplified from a few nJ to 800 µJ. A second Pockel's cell then 
couples the amplified pulse out. In the second amplification stage the pre-amplified pulse 
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passes twice through another Ti:sapphire crystal, which is pumped by a 10 W, 527 nm, 1 
kHz Nd:YLF laser (Merlin, Spectra Physics). After compression we obtain 1.8 mJ, 150 fs, 
800 nm laser pulses at a repetition rate of 1 kHz. By second harmonic generation in a BBO 
crystal (12 x 12 x 0.5 mm3, type 1, θ =29°, ϕ  = 90°) we generate 500 µJ pulses at 400 nm. 
The pulse width of the 400 nm light has not been measured, but it is estimated to be sub-
picoseconds, which is at least two orders of magnitudes shorter than the x-ray pulse. Table 
3.2 summarizes the parameters of the laser source. 
 
Table 3.2. fs amplified laser system 
lasing medium Ti:sapphire 
central wavelength 800 nm 
energy per pulse @ 800 nm 
                           @ 400 nm (SHG) 
                           @ 266 nm (THG) 
1.8  mJ 
500 µJ 
180 µJ 
repetition rate 1 kHz 
pulse width @ 800 nm 150 fs 
 
 
 
3.6  Synchronization of Laser and X-Rays 
A pump-probe experiment relies on the reproducibility of the time delay between pump 
and probe pulses. Therefore the laser has to be accurately synchronized to the x-ray source. 
In the following I will give an overview of the main elements involved in the 
synchronization process. 
 
 
3.6.1  Oscillator Synchronization 
The oscillator timing is a crucial step in the synchronization process. Its precision defines 
the timing jitter between laser and x-ray pulses on the sample. The reference frequency for 
the laser oscillator is the 500 MHz radio frequency (RF) of the storage ring, which defines 
the bunch spacing (2 ns) inside the storage ring. The laser oscillator operates at one sixth of 
the RF, which is 83.3 MHz. The aim of the synchronization is to lock the oscillator 
frequency to the RF and to keep a stable phase between both [9,10]. Figure 3.11 illustrates 
the synchronization of the laser oscillator. A type 1 phase locked loop1 is constructed 
which uses the laser oscillator as a "voltage-controlled oscillator" [11]. A portion of the 
oscillator output is split off and measured by a fast photodiode. The 83.3 MHz diode signal 
( oscω ) is guided through a 500 MHz bandpass filter, which singles out the sixth harmonic 
and feeds it into an RF mixer (the “type 1” phase detector). The other input of the mixer is 
the RF from the storage ring ( RFω ). The output of the mixer gives the sum and the 
difference frequency of both inputs.  
 ( ) ( )
( )[ ] ( )[ φωωφωω ]
φωω
−⋅⋅−−+⋅⋅+∝
+⋅⋅⋅⋅∝
tt
ttS
oscRFoscRF
oscRF
6cos6cos
6sinsin
   (3.2) 
 
Here, t stands for time and φ  for a phase-difference. A low pass filter eliminates the high 
frequency part and the difference frequency is left. The difference frequency is used to 
                                                 
1 Type 1 phase detectors work with analog signals or digital square wave signals. Type 2 work with digital 
signals only. Here the inputs are analog signals. 
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create a high voltage bias for a piezo crystal, which carries one of the end mirrors inside 
the oscillator cavity. In this way the oscillator cavity length L and thus the pulse repetition 
rate ν  (ν = c/2L ) is modulated according to the phase difference between the two input 
frequencies of the mixer. Once the mixer output is stable the system is phase locked. 
Mixer
500 MHz RF
piezo crystal picomotor
low pass filter
high voltage
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schematic picture of laser cavity
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inout
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Figure 3.11. The laser oscillator is synchronized to the 500 MHz RF of the storage ring by 
adjusting the oscillator cavity (and thus its frequency) proportionally to the phase-error 
between the RF and the 6th harmonic of the oscillator output. The piezo crystal makes fine 
and the picomotor coarse adjustments to the cavity.  
 
 
The above mentioned synchronization cycle has to be run continuously to compensate 
small fluctuations, which eventually would lead to the loss of the phase lock. One of the 
larger fluctuations, which cannot be compensated by the stroke of the piezo crystal (~ 10 
µm), is the thermal expansion and contraction of the laser cavity over hours of operation. A 
computer monitors the bias, which is applied to the piezo crystal. When the bias becomes 
too large (which means the piezo crystal is driven near the limit of its stroke), a picomotor 
takes over the more coarse adjustments to the cavity by moving the outcoupling mirror. In 
this way the piezo crystal is kept at a medium range of expansion, so that it can be 
expanded and compressed by roughly the same amount. The jitter of the oscillator 
synchronization has not been measured. However, an estimate can be made by comparing 
the amplitude of the non-phase-locked RF mixer output to the noise on the mixer output 
under phase-lock conditions. From this comparison a jitter of less than 10 ps has been 
estimated [4]. Considering the ca. 50 –100 ps length of an x-ray pulse, which governs the 
temporal resolution of our measurements, the 10 ps jitter is acceptable. Typical values 
reported for the jitter between a laser oscillator and a synchrotron or FEL source using 
similar synchronization techniques are on the order of 1 ps or less [9,10]. 
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3.6.2  Amplifier Synchronization 
The amplifier selects one specific oscillator pulse (which is already synchronized to the RF 
of the storage ring) and amplifies it for the pump-probe measurement. Figure 3.12 
illustrates the synchronization of the amplifier system. 
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Figure 3.12. The laser amplifier is synchronized to the revolution frequency of the storage 
ring and the opening window of the x-ray chopper. Thus a seed pulse from the oscillator 
will be selected and amplified every millisecond, which coincides with a particular x-ray 
pulse (the camshaft pulse) on the sample. 
 
 
The laser amplifier needs a 1 kHz trigger, which is synchronized to a particular bunch in 
the storage ring and synchronized to the opening window of the x-ray chopper. The ring 
revolution has a period of 656 ns (1.52 MHz), the oscillator 12 ns (83.3 MHz). 12 is not a 
divisor of 656, so the smallest common multiple is taken, which is 1.94 µs (507 kHz). This 
507 kHz signal is fed into one of two inputs of a flip-flop switch. The second input is 
related to the x-ray chopper. The chopper frequency is adjustable in the kHz range. We set 
the chopper frequency to 2 kHz because of our data acquisition strategy as explained later 
on. At 2 kHz the chopper opens a 25 µs window every 500 µs. At the rim of the chopper 
wheel a photodiode emitter-receiver pair serves as a monitor of the chopper frequency. The 
flip-flop switch waits for a TTL “high” level from the chopper diode and outputs a delayed 
copy when the next signal from the 507 kHz frequency arrives. In this way we obtain a 2 
kHz trigger which is synchronized to a particular bunch in the storage ring and to the 
chopper window. For the laser timing the 2 kHz trigger is divided by two and then fed into 
a delay generator (Stanford Research Systems, DG535). The delay generator sets the 
individual timing of the incoupling and outcoupling Pockel's cells of the regenerative 
amplifier and triggers the lamps and Q-switches of the Merlin pump lasers. 
 
 
3.6.3 Varying the Time Delay 
With the synchronization as described above, one can easily change the time delay between 
x-ray and laser pulses in steps of 12 ns (the period of the oscillator pulse train). One simply 
changes the timing of the delay generator, which triggers the Pockel's cells, by 12 ns and 
amplifies the next seed pulse from the oscillator. For smaller time delays, however, the 
output of the laser oscillator itself has to be modified. A computer controlled phase shifter 
(I.F. Engineering, model QPMX-499) adjusts the phase of the reference RF signal, which 
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synchronizes the laser oscillator. The trigger of the delay generator, which controls the 
Pockel's cells and the Q-switches of the Merlin pump lasers, is changed accordingly.  
 
 
3.6.4 Temporal Overlap 
For setting the temporal overlap (i.e. time zero) we place a fast windowless photodiode 
(rise time 700 ps) at the sample position and record both the laser and the x-ray pulses as 
indicated in figure 3.13. Using a 1 GHz oscilloscope (triggered on a laser reference diode) 
we adjust the timing within a few hundred picoseconds. At the same time we measure the 
delay between the signals of two fast reference diodes (rise time 300 ps). One is picking up 
transmitted IR-laser pulses through one of the dielectric mirrors close to the sample 
position. The other diode monitors the visible light from the same bend magnet (beamline 
5.3.4). Later on, when the photo-diode at the sample position has been removed, we can 
monitor the temporal overlap with both reference signals on the scope. The accuracy of 
measuring the temporal overlap via diode signals on the oscilloscope is about +/- 100 ps. 
For defining the zero-time delay more precisely we measure the onset of an actual pump-
probe effect as will be shown in § 7.4.1 and ref. [1]. 
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Figure 3.13. Visible light pulses from the storage ring and scattered laser light are 
recorded and displayed together on a 1 GHz oscilloscope. The delay between the two 
reference signals is compared to the x-ray and laser pulses overlapping at the sample 
position. 
 
 
 
3.7 Spatial Overlap 
The spatial overlap between x-ray and laser pulses is obtained by replacing the sample with 
a 50 µm diameter pinhole on a 25 µm thick Tungsten substrate that is placed at the exact 
position of the jet. The two-dimensional translation stage (figure 3.8), moves the pinhole 
across the x-ray beam, while an x-ray transmission measurement maps out the beam 
profile. The pinhole is centered on the x-ray beam and the laser is then guided through the 
pinhole. The angle between laser and x-ray beam is about 15°. Figure 3.14 shows the 
vertical and horizontal beam profiles of the x-ray and the laser beam at the sample position. 
The x-ray beam size is vertically 100 µm and horizontally 260 µm. The laser spot has a 
circular shape and was adjusted in size to the horizontal diameter of the x-ray spot by 
moving the focusing lens. 
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Figure 3.14. X-ray (solid line) and laser beam profile (dots and dashed curves as fit) 
scanned through a 50 µm pinhole 
 
 
 
3.8. Data Acquisition  
The pump-probe signals, which we observe, are small changes (< 1%) on a transmission 
signal (§ 5 and ref. [7]). Therefore the detection scheme has to be as sensitive and as noise-
free as possible. In the following the main electronic devices with emphasis on the detector 
will be presented and the data acquisition strategy will be explained. 
 
 
3.8.1 X-ray Detector 
For the time-resolved pump-probe measurements we need a detector, which is sensitive to 
hard x-rays (2.2 - 12 keV at beamline 5.3.1) and which is fast enough to separate the signal 
of the camshaft pulse from the multibunch train (figure 3.4). Furthermore, the detector 
should cover a wide dynamic range, because the pulse intensities vary between 100 and 
50 000 photons depending on the absorption of the sample, of the photon energy and the 
ring current. Suitable detectors are silicon based avalanche photodiodes (APD). Their 
additional advantage is the internal gain, which amplifies small signals above the noise 
background [12]. Our detector is a windowless large area avalanche photodiode (Advanced 
Photonix, model 394-70-72-500). Table 3.3 lists the main technical information. The 
wiring of the APD is illustrated in figure 3.14. The APD is mounted in a sealed metal box 
with a 15 µm beryllium window, which protects the diode from the intense scatter of the 
laser light. A 10 µm foil of Mylar covers the beryllium window as a protection against the 
humidity which is created from the sample by the exciting laser. 
 
Table 3.3. technical data on APD 394-70-72-500 
window none 
active area diameter 10 mm 
bias voltage range 1700 to 2000 V 
rise time 12 ns 
operating temperature -20 to 50 °C 
gain for visible pulses up to 300  
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Figure 3.14. Wiring circuit of APD 
 
 
The APD has a p+,p,n,n+ structure. The p-doped layers have a total thickness of 20 µm, 
the n-doped layers of 500 µm. For a gain of 100 the avalanche multiplication region 
between the pn-junction extends to about 10 microns. Photons absorbed in the p-doped 
layer undergo full avalanche multiplication. Photons absorbed within the avalanche region 
undergo partial multiplication and those absorbed in the n-layer have a gain of 1. In order 
to estimate the gain of the detector, we measured the output of the APD as a function of 
bias-voltage under two different conditions: 
 
a) 80 fs pulses of 1.5 eV visible photons at 1 kHz pulse repetition rate 
b) 3 keV x-ray photons (4 µm attenuation length in Si) from the camshaft pulse 
 
The results plotted in figure 3.15 are normalized to the signal at low bias, corresponding to 
unit gain. The signals obtained with laser light are in excellent agreement with the curves 
provided by the manufacturer, over the whole range of bias settings. The deviation at 
higher bias voltages between light and x-ray measurements was reported earlier [12,13], 
and was attributed to space-charge effects decreasing the electrical field in the avalanche 
region and local heating by the high-energy x-ray pulses. Whereas a visible photon 
produces only a single electron, an x-ray photon produces in the order of 1000 electrons in 
a very confined volume, which could locally cause a reduced gain. Note that due to the 
local nature of the effect this need not give rise to an overall non-linear response. As long 
as the x-ray photons are spread over a sufficiently large area of the detector, the electron 
pulses produced by different x-ray absorption events are independent of each other and 
only affect their own local gain. Therefore, the measured signal should still be proportional 
to the number of x-ray photons on the detector. The linear response of the APD was 
verified (at a bias voltage of 1800 V) by measuring the signal from the camshaft pulse as a 
function of the camshaft current, which is directly proportional to the flux [2]. Camshaft 
current and APD signal are found to be proportional (see figure 3.16). According to our 
measurements the linearity of the detector is given to at least 13 000 photons per pulse 
detected within an estimated area of 150 µm x 600 µm on the detector. When carrying out 
this experiment at an undulator beamline, which has about 10-100 times larger pulse 
intensities, it may be necessary to move the detector further away from the x-ray focus to 
make use of a bigger spot-size on the detector. 
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Figure 3.15. APD gain curve for visible (line) and x-ray (dots) pulses. The lower gain for 
x-ray pulses is attributed to space-charge effects and local heating in the avalanche region 
of the detector. 
 
8 10 12
0.0
0.1
0.2
0.3
0.4
0
100
200
300
 
bo
xc
ar
 o
ut
pu
t /
 V
camshaft current / mA
(S
/σ)
2
I
 
 
3.16. The x-ray transmission signal (at 2840 eV) as given by the gated integrator output 
versus the camshaft current (line). The linearity between camshaft intensity and detector 
signal is apparent. The squared signal-to-noise ratio ( )2σS (dots) follows the same trend 
and suggests that the detection scheme is mainly limited by the shot-noise of the x-ray 
source. 
 
 
 
3.8.2 Signal Processing 
Figure 3.17 introduces the data acquisition strategy used at beamline 5.3.1. In the 
experiment the detector signal was amplified by a factor 5 in a fast pre-amplifier (Stanford 
Research Systems, SR445). The amplified signal from the camshaft pulse was picked out 
using a Gated Integrator (Stanford Research Systems, SR250), and digitized using an 
analog-to-digital converter (National Instruments, PCI-6035E). The gated integrator is 
triggered at 4 kHz, which is twice as fast as the x-ray chopper and four times faster than the 
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laser repetition rate. Thus, we measure a set of four signals (compare also with figure 
3.17): 
 
excitedI   laser on x-rays on 
0
excitedI   laser off x-rays off 
unexcitedI  laser off x-rays on 
0
unexcitedI  laser off x-rays off. 
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Figure 3.17. The black arrows represent the 1 kHz repetition rate laser pump pulse. A 2 
kHz chopper window allows x-rays on the sample for every second detection gate. The 
white arrows represent the detection gate synchronized to the camshaft pulse. The lower 
part of the figure shows a close-up view of the detection gate on the camshaft pulse with a 
preceding laser-pump pulse. 
 
 
excitedI  and  are the transmission signals through the laser-illuminated and dark 
sample, respectively;  and  are the corresponding zero offsets (without x-
rays). The pump-probe signal (see also § 5) is measured as 
unexcitedI
0
excitedI
0
unexcitedI
 
    
0
0
log
excitedexcited
unexcitedunexcited
II
II
−
−
,    (3.3) 
 
which is proportional to the difference of the absorption cross-sections of the excited state 
species ( ) and the ground-state species ( ). More details on this subject are 
given in § 5. The difference between signal (  or ) and zero offset (  or 
) are measured within 250 µs, which is an effective way to eliminate slow voltage 
drifts in the detector or electronics. The reference data ( ) is taken within 
short intervals of 500 µs from the data on the laser-illuminated sample ( )
*
elementσ elementσ
unexcitedI excitedI
0
unexcitedI
0
excitedI
0
unexcitedunexcited II −
0
excitedexcited II − 2. 
                                                 
2 Simultaneously with the APD signal a reference signal from the laser trigger is digitized. This allows 
sorting out the laser-excited and unexcited transmission signals (more in § 3.8.3). 
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Thus, all changes to the transmission signal, which are slower than the 2 kHz repetition 
rate are filtered out. One example is the continuously decreasing x-ray flux due to the 
decrease in ring-current. Between two storage-ring refills (typically 6-8 hours) the 
camshaft current decreases by a factor of 4. For the detection of the pump-probe signal no 
measurement of the incoming flux (I0) before the sample is needed, therefore we set up the 
most simple detection scheme, using a single x-ray detector in transmission without a 
reference detector before the sample. In this way, we also keep the x-ray flux as high as 
possible, which in return decreases the integration time.  
 
 
3.8.3  Data Acquisition Software 
There are three different software programs, which allow the smooth conduction of the 
experiment. One software program controls the time-delay between laser and x-ray pulses 
(§ 3.6.3). It changes the phase shifter values and adjusts the timing of the Pockel's cells. A 
detailed description can be found in reference [14]. Another software program was 
developed for the control of the beamline optics, which includes the monochromator 
settings. Our own data acquisition software incorporates the other software programs, so 
that we can carry out pump-probe scans while changing the photon energy or changing the 
time delay. 
  
The data acquisition software (Labview 6.0) is set to record single shots from every input 
channel of the analog to digital converter. It sorts the values in four columns for each 
channel depending on whether the 1 kHz signal from the Pockel's cell trigger is high or low 
and whether the x-ray chopper window is open or closed (fig. 3.17). It calculates the mean 
value and the standard error for a specific number of triggers (typically 5000) for each 
column and vacates the single shot values from its memory. In this way the data volume 
can be significantly reduced. During an x-ray photon-energy scan or a time-delay scan, the 
data acquisition process is set to a halt until the new experimental conditions have settled. 
This means, while the monochromator is moving to its new angle or while the laser timing 
is changing no data will be recorded. A typical energy-scan including 700 energy steps 
takes 45 minutes (e.g. figure 7.4 shows the sum of 23 spectra corresponding to an overall 
scan time of 17 hours). The actual integration time is only half of this.  
The program leaves the option to store the single shot values, so that the statistics can be 
analysed in more detail as is done in the following section. 
 
 
3.8.4 Photon Statistics 
In order to discriminate between electronic noise in our detection scheme and true 
fluctuations in the x-ray flux, we measured the pulse-height distribution of the APD output 
with and without x-rays on the detector. The left curve in figure 3.18 shows the pulse-
height distribution with the x-ray shutter closed, which gives a measure for the total 
electronic noise in our detection system. In this example the distribution measured with a 
typical flux of x-rays on the detector is about 20 times larger than the electronic noise. If 
we make the reasonable assumption that the electronic noise is independent of the photon 
statistics, then the electronic noise in the x-ray measurement is negligible since the total 
noise is calculated from the square root of the sum of the squared standard deviations. In 
the case of the example in figure 3.18 reducing the electronic noise to zero would only 
reduce the overall noise from 0.1271 V to 0.1270 V. Note that the pulse-height distribution 
is very well described by a Gaussian distribution.  
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Figure 3.18. Pulse-height distribution with x-rays ON and OFF. The noise contribution 
from the set-up (x-rays OFF) is negligible compared to the noise in the photon flux. 
 
 
By measuring the noise in the photon flux as a function of the flux (figure 3.16), we find a 
square law dependence of the noise, which is characteristic for shot-noise. For other 
sources of noise, e.g. noise entering through variations in the throughput of the beamline 
optics (due to vibrations), we would expect a deviation from the square law dependence. 
Therefore, we conclude that no other significant noise sources play a role, and that 
consequently our noise measurement should be a precise measure for the absolute photon 
flux. We calculate the photon-flux via the measurement of the pulse-height distribution and 
application of the equation: 
 
    pulsephotonsS /
2
=⎟⎟⎠
⎞
⎜⎜⎝
⎛
σ ,    (3.4) 
 
where S  is the average signal of the pulse-height distribution and σ  the corresponding 
standard deviation. With a camshaft current of 4.6 mA at an x-ray energy of 2850 eV we 
measure a standard deviation of 0.0374 V on a signal of 2.0209 V. For the shot-noise 
limited case this corresponds to 2915 photons per pulse on the detector. Correction for the 
transmission of beryllium windows (total of 65 µm, T = 74 %), helium (50 cm, T = 98 %) 
and Mylar (10 µm, T = 81 %) and the normalization to 10 mA camshaft current yields 
1.1·104 photons after the monochromator. This compares to 9·103 photons/pulse, which are 
the specifications of the beamline [15]. Thus we can conclude that the absolute photon flux 
can be measured with our set-up and that the measurements are indeed shot-noise limited. 
 
 
3.8.5 Static X-ray Absorption Spectra 
When analyzing the pump-probe signal in order to construct the x-ray absorption spectrum 
of the excited-state species (see details in 7.2) knowledge of the absorption spectrum of the 
ground-state species is necessary. The static absorption can be taken from literature (if 
published) or measured separately with a set-up optimized for conventional (not time-
resolved) x-ray absorption spectroscopy. In both cases one has to make sure that the 
absorption of the reference is scaled in amplitude to the experimental conditions of the 
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pump-probe experiment (sample thickness and concentration). In the absence of the above 
mentioned options, the static absorption spectrum  
 
    
unexcitedI
I 0log       (3.5) 
 
can be constructed reasonably well from the transmission data of the pump-probe 
experiment. There are two ways to get around the problem of the missing I0 detector. Two 
x-ray spectra are recorded, shortly one after the other, with ( ) and without ( ) the 
sample in the beam. This method works fine if the noise on  and  is reasonably 
small after one short scan. The scans have to be short, otherwise the experimental 
conditions change between the two scans (e.g. decay of ring current). When a multitude of 
long scans are taken it is more practical to use the amplitude of the ring-current as I
unexcitedI 0I
unexcitedI 0I
0 and 
correct it with the known spectral distribution of the flux (appendix B). This method does 
not take into account fluctuations of the flux introduced by any beamline element (e.g. 
glitches of the monochromator) and can introduce artifacts, but it shows the main spectral 
features with a decent signal-to-noise ratio. The normalization to the camshaft current is 
used for the analysis of the [Ru(bpy)3]2+ spectra in § 7 (i.e. fig. 7.4a). 
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4. The [Ru(bpy)3]2+ Molecule 
 
This chapter introduces the ruthenium-(trisbipyridine) complex and its photocycle, which 
is the first system, which we studied with time-resolved x-ray absorption spectroscopy 
using the set-up as described in § 3. 
 
 
4.1   General Introduction 
[Ru(bpy)3]2+ has become one of the most intensely studied molecules in coordination 
chemistry since the discovery of its luminescence in 1959 [1]. A collection of major review 
articles was published presenting the properties and applications of [Ru(bpy)3]2+ and 
related compounds (bidentate polypyridine ligands) [2,3,4]. The extraordinary properties of 
[Ru(bpy)3]2+ lie in its photosensitivity combined with the redox potential of its excited 
state, which makes it a photocatalyst in many systems where electron and energy transfer 
play a role. The fields of application range from biochemistry [5] to sensitization of wide 
band gap semiconductors [6] just to mention a few. The following sections describe the 
molecular and electronic structure of [Ru(bpy)3]2+. The photocycle is introduced and 
questions about different decay mechanisms of the excited-state species are put forward. 
 
 
4.2 Molecular Structure of [Ru(bpy)3]2+
The molecular structure of [Ru(bpy)3]2+ is known and was measured by x-ray diffraction in 
a [Ru(bpy)3](PF6)2 crystal [7]. Figure 4.1 shows the structure of the [Ru(bpy)3]2+ complex, 
in which ruthenium is the central atom surrounded by three bidentate bipyridine ligands, 
which bind via the nitrogen atoms.  
 
C2
C2
C2
N N
bpy = bipyridine
 
Figure 4.1. Structure of [Ru(bpy)3]2+ [9]. The central atom is ruthenium surrounded by 3 
bipyridine molecules, which bind via the nitrogen atoms. The view is along the C3 axis 
(indicated by triangle). The angle between the C3 axis and the Ru-N bond is 59.3°. In a 
perfect octahedron it would be 54.7°. Thus, the system is axially compressed. 
  36 
The six nitrogen atoms have a uniform bond distance of 205.6 pm from the central atom. 
The N-Ru-N angle with one and the same bipyridine molecule is 78.7°, which corresponds 
to a small distortion from octahedral symmetry, where the N-Ru-N angle is 90°. The 
smaller N-Ru-N angle originates from a steric constraint introduced by the bipyridine 
molecule. The bridge between the two pyridyl rings is too short and there is too little 
angular flexibility to allow both nitrogen atoms to approach under the optimum angle of 
90°. The [Ru(bpy)3]2+ molecule in [Ru(bpy)3](PF6)2 has D3 symmetry: one three-fold 
rotation axis (C3) and 3 two-fold rotation axes (C2), which are perpendicular to the C3 axis. 
Figure 4.1 shows the view along the C3 axis. The symmetry of the solvated [Ru(bpy)3]2+ 
complex is also assumed to be D3 [8]. 
 
 
4.3 Orbital Scheme of [Ru(bpy)3]2+
Figure 4.2 shows the orbital scheme of the ground state species [Ru(bpy)3]2+. In a first 
approximation we can treat the complex as a metal center with six ligands in an octahedral 
coordination (symmetry group Oh), where the metal d-orbitals split into t2g and eg orbitals. 
The designations t2g and eg come from group theory and stand for the symmetry 
representation of these orbital in Oh symmetry [10]. t2g is a threefold degenerated 
representation and eg twofold. The index g indicates inversion symmetry.   
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Figure 4.2. Orbital scheme of [Ru(bpy)3]2+. The ligand-field splitting of the d-orbitals can 
be described by octahedral symmetry symbols as a first approximation. An additional 
trigonal distortion and the influence of spin orbit coupling split the t2g level first into a1 
and e (D3) and then into e’ and e” levels ( 3D ). 
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The six nitrogen atoms of the three bipyridine ligands are σ -donors, contributing two 
electrons each to the metal-ligand bond. The complex is stabilized by π -back bonding, 
that is the back transfer of electron density to the ligand via the interaction of metal d and 
ligand π * orbitals. As a consequence the energy level of the t2g orbitals is lowered and the 
octahedral crystal field splitting (10Dq) is increased. The superscript * indicates 
antibonding orbitals. Including the trigonal distortion the t2g orbitals are split into a1 and e 
orbitals. The energy E of the split orbitals is expressed via the trigonal field splitting 
parameter K with E(e) = K and E(a1) = -2K. With a negative K value, as for [Ru(bpy)3]2+ 
(K =  cm670− -1 [11]), the e level lies lowest. The relatively strong 4d spin orbit coupling 
d4ξ  (1050 cm-1) [12] splits these levels further into 
⎥⎦
⎤⎢⎣
⎡ +++−⋅=± ddd KKKE 4424 4
939
22
1 ξξξ m     (4.1) 
and  
2
4
0
dKE ξ−= .       (4.2) 
The orbitals are given the symmetry assignments of the double-space group 3D  (see table 
1.1). Double-space groups include besides the three space coordinates (x,y,z) a fourth 
dimension, which is the spin-space [13,14]. The calculated values for E0, E+ and E- are -
0.15 eV, -0.05 eV and 0.20 eV. This splitting is comparably weak to the octahedral crystal 
field splitting, which is near 4 eV. 
 
Table 4.1. Character table of the double point group 3D [14] 
 E R 2 C3’ 2 C3’’ 3 C2’ 3 C2’’ 
A1 1 1 1 1 1 1 
A2 : z 1 1 1 1 -1 -1 
E   : x,y 2 2 -1 -1 0 0 
E1’ 1 
1 
-1 
-1 
-1 
-1 
1 
1 
i 
-i 
-i 
i 
E2’ 2 -2 1 -1 0 0 
 
Within 3D  symmetry one can think of three type of photon-induced electron transitions as 
listed in the first column in table 4.2 : 
 
Table 4.2  Dipole allowed transitions in 3D  
transition symmetry of transition  
E1’ →  E1’ 
 
E1’ ä  E1’ = A1 
 
forbidden 
E1’ →  E2’ or 
E2’ →  E1’ 
E1’ ä  E2’ = E 
 
allowed in x and y 
E2’ →  E2’ 
 
E2’ ä  E2’ = A1 + A2 + E 
 
allowed in x,y and z 
 
For the transitions to be dipole allowed, the product of the initial and final state symmetries 
has to contain the symmetry of the dipole operator (eq. 2.1), which is A2 + E in 3D . Thus, 
we can conclude that only transitions between E2’ and E2’, and E1’ and E2’ may take place. 
This aspect will turn out to be very important for our x-ray absorption study, which probes 
the 2p-4d transitions within the ruthenium (§ 7). 
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4.4 Optical Absorption Spectrum of [Ru(bpy)3]2+
Figure 4.3 shows the optical absorption spectrum we measured of [Ru(bpy)3]2+ in water. 
We can observe four main absorption bands at 200 nm, 250 nm, 285 nm and 450 nm, 
which can be classified according to [15] as: 
 
MLCT: metal-to-ligand charge transfer 
LC:  ligand-centered and 
LMCT: ligand-to-metal charge transfer. 
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Figure 4.3 Absorption spectrum of [Ru(bpy)3]2+ in water. 
 
 
The broad absorption band at 450 nm (MLCT) corresponds to a transition of the binding 4d 
(a1 + e) orbitals to the ligand  p* orbitals. At 285 nm and further down in the UV at 250 nm 
and 200 nm we observe transitions between the p and p* orbitals of the bipyridine ligands 
(LC). Also at 250 nm there is a transition from the ligand p orbitals to the antibonding 
metal d (e) orbitals. A detailed description of the spectrum can be found in [15]. The 
assignment of the two small shoulders at 325 nm and 355 nm are believed to be metal 
centered (MC) transitions [2]. However, the signals are small, riding on a 10 times larger 
background of MLCT transitions in the same spectral region [15]. The MLCT excitation in 
[Ru(bpy)3]2+ is interesting because it creates a long-lived excited state species, which is at 
the origin of a number of photo-chemical applications.  
 
 
4.5 Photocylce of [Ru(bpy)3]2+
Figure 4.4 illustrates the excitation process and the ensuing photo-cycle. In the excitation 
process an electron from the ground state is transferred to the π * orbitals of the ligands 
forming a Franck-Condon excited singlet state (1MLCT). Intersystem crossing (ISC) 
occurs within less than 300 fs forming a triplet excited state (3MLCT). This process is 
governed by an intramolecular potential and is found to be independent of the surrounding 
environment of the complex [16]. In solutions localization of the electron on one of the 
bipyridine ligands occurs parallel to the ISC. 
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Figure 4.4. Photocylce of [Ru(bpy)3]2+. Upon photo-excitation the 1MLCT state is formed, 
which undergoes inter-system crossing to a triplet state (A2), from where it both decays 
directly and via low lying d-d states to the ground-state. 
 
 
The time-scales for localization can be faster or slower than the ISC depending on the 
solvent. The question, whether ISC and charge localization are coupled or independent 
processes, is not yet clear [16]. The π -back bonding, which is an interaction between 
metal d and ligand π * orbitals, is assumed to play a key role for charge localization [17]. 
A solvent, which stabilizes the ligand orbitals (lowering their energy) relative to the metal 
orbitals favours a localization of the charge on one bipyridine ligand. Measurements on 
ruthenium complexes in media, which do not stabilize the ligand π * orbitals (e.g. single 
crystal matrices) revealed delocalization of the electron in the 3MLCT state [18]. The 
symmetry in the latter case is D3 like in the ground state complex. In solutions with charge 
localization the symmetry of the 3MLCT state is reduced to C2 [19]. 
 
The 3MLCT state is actually a manifold of states due to the symmetry of the excited state 
complex, the interaction with the metal d5 core and its spin-orbit coupling [20]. The 
assignment of the lowest three states, which are accessible by spectroscopy and which give 
rise to luminescence, are A2, E and A1. The decay times of the three lowest lying 3MLCT 
states have been measured at low temperatures (1.8-77 K) to be 183 µs (A1), 18.8 µs (E) 
and 0.68 µs (A2) [21].The spin classifications in these states are not a simple task, because 
spin-orbit interactions cause the mixing of the singlet and triplet states. According to a 
model by Kober and Meyer the lowest three states have less than 11 % singlet character, 
with A2 having the least singlet character [22]. With increasing temperature a shortening of 
the luminescence life-time has been observed, which indicates the opening of another 
decay channel. Low lying so-called d-d states, which are metal based and anti-bonding, are 
thermally populated from the A2 state [23,24]. As indicated in the orbital scheme in fig. 4.2 
the antibonding metal d-orbitals lie higher in energy than the ligand p* orbitals. However, 
the crystal field splitting and thus the energy level of the  orbitals depend strongly on the 
metal-ligand bond length. By elongation of the Ru-N bond one electron from the p* orbital 
*
ge
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is allowed to populate the  orbital [25] as indicated in fig. 4.4. The steady state 
population in the d-d states is small, since they are considered to undergo a rapid decay to 
the ground-state [21]. The d-d states are anti-bonding in character, which means that the 
more these states are populated the more the bond to the ligands is weakened, which 
eventually can lead to the loss of a ligand. The d-d states are thermally populated, which is 
probably why increased sample degradation was observed at higher temperatures (e.g. 
room-temperature) [21,26]. At room-temperature the 
*
ge
3MLCT state of [Ru(bpy)3]2+ has a 
lifetime of ca. 300 ns, governed by the above mentioned intramolecular decay mechanisms. 
This lifetime is sufficiently long to make it sensitive to intermolecular non-radiative 
quenching processes. In concentrated solutions of [Ru(bpy)3]2+, for example, effects like 
ground-state quenching and triplet-triplet annihilation have been reported to shorten 
significantly the fluorescence lifetime [27]. However, the mechanisms behind it are little 
understood. 
 
Time-resolved x-ray absorption spectroscopy can yield new insight into the decay 
mechanisms. Once the x-ray absorption spectrum (L-edges) of the excited-state has been 
measured, its molecular geometry and d-orbital occupancy can be determined. Then the 
decay kinetics can be monitored, thereby yielding information about the electronic and 
molecular structure of the product of the quenching mechanisms. It could be a direct 
reaction back to the ground-state, yield intermediates or perhaps transform into another 
excited-state, which does not fluoresce. For the x-ray absorption study we use high laser 
pump intensities in order to excite a significant amount of sample molecules (the reason 
being given in more detail in § 5). Therefore an optical pump-probe study supports the 
time-resolved x-ray absorption measurements. The aim is to find out beforehand, how 
many 3MLCT species can be produced and which are the possible secondary products 
when using high intensity pump pulses. Before, we present a quantitative estimate of the 
feasibility of time-resolved x-ray absorption measurements under our experimental 
conditions. 
41 4.                                                  The [Ru(bpy)3]2+ Molecule
 
[1] J.P. Paris, W.W. Brandt, Journal of American Chemical Society 81, 5001-5002 (1959), “Charge Transfer 
Luminescence of a Ruthenium(II) Chelate” 
 
[2] A. Juris, V, Balzani, F. Bargigelletti. S. Campagna, P. Belser, A. von Zelewsky, Coordination Chemistry 
Reviews 84, 85-277 (1988), “Ru(II) polypyridine complexes : photophysics, photochemistry, 
electrochemistry, and chemiluminescence” 
 
[3] J. Ferguson, F. Herren, E.R. Krausz, M. Maeder, J. Vrbancich, Coordination Chemistry Reviews 64, 21-
39 (1985), “Electronic Spectroscopy of M(bpy)32+ (M = Fe, Ru, Os), Cr(bpy)33+ and related compounds” 
 
[4] A. Vlček Jr., Coordination Chemistry Reviews 200-2002, 933-977 (2000), “The life and times of excited 
states of organometallic and coordination compounds” 
 
[5] L. Hammarström, L. Sun, B. Åkermark, S. Styring, Spectrochimica Acta A37, 2145-2160 (2001), “A 
biomimetic approach to artificial photosynthesis: Ru(II)-polypyridine photo-sensitizers linked to tyrosine and 
manganese electron donors” 
 
[6] A. Hagfeldt, M. Grätzel, Chemical Reviews 95, 49-68, 1995, “Light-Induced Redox Reactions in 
Nanocrystalline Systems” 
  
[7] D.P. Rillema, D.S. Jones, C. Woods, H.A. Levy, Inorganic Chemistry 31, 2935-2938 (1992), 
“Comparison of the Crystal Structures of Tris Heterocyclic Ligand Complexes of Ruthenium (II)” 
 
[8] K.W. Hipps, G.A. Crosby, Journal of the American Chemical Society 97, 7042-7048 (1975), “Charge-
Transfer Excited States of Ruthenium(II) Complexes. III. An Electron-Ion Coupling Model for dπ* 
Configurations” 
 
[9] The picture was constructed from a diffraction study on [Ru(bpy)3]Cl2·6H2O, which yielded similar 
results as [7]. The smaller anion (Cl-) and the presence of intercalated water introduced slight distortions to 
the  [Ru(bpy)3]2+ complex, which is expressed in the Ru-N distances, which range from 205 pm to 207 pm. 
However, the picture is sufficient for demonstration purposes. The crystallographic data was kindly provided 
by Carlos B. Pinheiro from the Institute of Crystallography, University of Lausanne, 1015 Lausanne-
Dorigny, Switzerland  
 
[10] D.C. Harris, M.D. Bertolucci, “Symmetry and Spectroscopy, An Introduction to Vibrational and 
Electronic Spectroscopy”, Dover Publications, Inc., New York 1989 
 
[11] R.E. DeSimone, R.S. Drago, Journal of the American Chemical Society 93,2343-2352 (1970), 
“Magnetic Resonance Studies of Some Low-Spin d5 Tris Diimine Complexes” 
 
[12] The 4d coupling constant from this publication is for a 4d5 system and not for a 4d6 system, however the 
value is close enough to estimate the overall size of the effect on the splitting of the orbitals. J.A.Stanko, H.J. 
Peresie, R.A. Bernheim, R. Wang, P.S. Wang, Inorganic Chemistry 12,634-639 (1973), “Trigonal Field 
Splitting in Tris(ethylendiamine) Complexes. Evidence from the Electron Paramagnetic Resonance Spectrum 
of Ru(en)33+” 
 
[13] S. Sugano, Y. Tanabe, H. Kamimura, Academic Press, New York & London (1970), “Multiplets of 
Transition-Metal Ions in Crystals” 
 
[14] H. Watanabe, “Operator Methods in Ligand Field Theory”, Prentice-Hall, Inc., Englewood Cliffs, New 
Jersey (1966) 
 
[15] G. Calzaferri, R. Rytz, Journal of Physical Chemistry 99, 12141-12150 (1995), “Electronic Transitions 
Oscillator Strength by the Extended Hückel Molecular Orbital Method”  
 
[16] A.T. Yeh, C.V. Shank, J.K. McCusker, Science 289, 935-938 (2000), “Ultrafast Electron Localization 
Dynamics Following Photo-Induced Charge Transfer” 
 
[17] H. Yersin, D. Braun, Coordination Chemistry Reviews 111, 39-46 (1991), “Localization in excited states 
of molecules. Application to [Ru(bpy)3]2+ “ 
  42 
 
[18] D. Braun, E. Gallhuber, A. Yersin, Chemical Physics Letters 171, 122-126 (1990), “Zeeman splitting of 
the lowest excited states of [Ru(bpy)3](PF6)2” 
 
[19] D.E. Morris, K.W. Hanck, M.K. DeArmond, Journal of the American Chemical Society 105, 3031-3038 
(1983), “ESR Studies of the Redox Orbitals in Diimine Complexes of Iron(II) and Ruthenium(II)” 
 
[20] K.W. Hipps, G.A. Crosby, Journal of the American Chemical Society 97, 7042-7048 (1975), “Charge-
Transfer Excited States of Ruthenium(II) Complexes. III. An Electron-Ion Coupling Model for dπ* 
Configurations” 
 
[21] The authors of this reference assume D3 symmetry of the excited state complex. Therefore the symmetry 
assignment of the lowest three states is A1, E and A2 instead of A2, B2 and A1 (C2 symmetry). G.D. Hager, 
R.J. Watts, G.A. Crosby, Journal of the American Chemical Society 97, 7037-7041 (1975), “Charge Transfer 
Excited States of Ruthenium(II) Complexes. II. Relationship of Level Parameters to Molecular Structure” 
 
[22] E.M. Kober, T.J. Meyer, Inorganic Chemistry 23, 3877-3886 (1984), “An Electronic Structural Model 
for the Emitting MLCT Excited States of Ru(bpy)32+ and Os(bpy)32+ “  
 
[23] J.V. Caspar, T.J. Meyer, Journal of the American Chemical Society 105, 5583-5590 (1983), 
“Photocemistry of Ru(bpy)32+. Solvent Effects” 
 
[24] J. Van Houten, R.J. Watts, Journal of the American Chemical Society 98, 4853-4858 (1976), 
“Temperature Dependence of the Photophysical and Photochemical Properties of the Tris(2,2’-
bipyridyl)ruthenium(II) Ion in Aqueous Solution” 
 
[25] M. Buchs, PhD thesis, “A study of the photophysical properties of metal complexes using Density 
Functional Theory”, Université de Fribourg, Switzerland (2001) 
 
[26] B. Durham, J.V. Caspar, J.K. Nagle, T.J. Meyer, Journal of the American Chemical Society 104, 4803-
4810 (1982), “Photochemistry of Ru(bpy)32+ “ 
 
[27] B.H. Milosavljevic, J.K. Thomas, Journal of Physical Chemistry 87, 616-621 (1983), “Photochemistry 
of Compounds Adsorbed into Cellulose. 1. Decay of Excited Tris(2,2’-bipyridine)ruthenium(II)” 
43t  5.                                   Optimizing a Time-Resolved XAS experimen
 
5. Optimizing a Time-Resolved XAS Experiment 
 
Performing laser pump / x-ray probe experiments requires satisfying a number of extreme 
boundary conditions. The two sources which are used in this experiment are very different 
in flux. The laser amplifier as used in this setup provides 7·1015 photons/pulse in the 
infrared or 1·1015 photons/pulse at 400 nm. The synchrotron source provides about 104 x-
ray photons/pulse. This means that we use a strong pump pulse, which induces changes in 
the sample, but a comparably weak probe pulse will carry the probe signal. This 
circumstance demands a very sensitive detection scheme (§ 3.8). Another strong 
discrepancy lies between the optical and x-ray absorption cross-sections in matter. Optical 
absorption bands have cross-sections in the order of 10-14 to 10-15 mm2. Typical x-ray 
absorption cross-sections are 2 to 4 orders of magnitudes smaller; therefore the interaction 
of the sample with the x-ray probe-pulse is weak, yielding small x-ray transmission 
changes. Both factors, the different pulse intensities of the sources and the different 
absorption cross-sections, complicate the measurement and the experimental conditions 
have to be well chosen to yield a detectable signal. Model calculations have been carried 
out to find the best experimental conditions and to estimate the feasibility for a given 
sample system. In the following I will derive the algorithms, which were used and 
calculations on the systems [Ru(bpy)3]2+ and [Fe(CN)6]4- will illustrate the application. 
 
 
5.1 Model 
The calculations aim to optimize the signal-to-noise ratio [1,2]. The signal is defined as the 
logarithm of the ratio of the number of transmitted x-ray photons passing through the laser-
illuminated ( ) and the dark sample ( ). excitedI unexcitedI
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The noise correlated to the signal is  
 
( ) ( )
  
    (5.2) 
with  and unexcitedI∆ excitedI∆  being the noise contributions on the transmission signals of the 
dark and laser-illuminated sample, respectively. From § 3.8.2 we learn that we can 
approximate  and  by the shot-noise of the source (unexcitedI∆ excitedI∆ unexcitedI∆  and 
excitedI∆ ). The maximum value of the signal-to-noise ratio SN (5.1) is found when 
optimizing an experiment. 
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The transmission of x-rays through the sample is calculated with the law of Lambert-Beer. 
Equation (5.4) calculates the transmitted intensity for the static case, i.e. without laser-
illumination: 
 
 . (5.4) 
dcdcdc
unexcited
restrestsolventsolventelementelement eeeII ⋅⋅−⋅⋅−⋅⋅− ⋅⋅⋅= σσσ0
 
0I  is the number of incident x-ray photons, c concentration [particles/mm
3] , σ  absorption 
cross-section [mm2/particle] and d the sample thickness [mm]. The sample usually consists 
of three compounds. The solvent is volume-wise and weight-wise the major part of the 
sample. The solute consists of the element under investigation and the molecule (rest), in 
which it is embedded. For example, a pump-probe experiment on aqueous [Ru(bpy)3]Cl2 
has water as the solvent, ruthenium as the element, at whose absorption edge we measure, 
and bipyridine and chloride form the rest of the molecule, which is part of the ruthenium 
compound. Upon laser excitation a fraction of the concentration of the ground-state species 
(celement) is converted to the excited state. Thus, in the pump-probe experiment celement splits 
up into the concentration of the excited-state species 
 
         (5.5) elementelement cfc ⋅=*
 
and the concentration of the molecules, which remain in the ground-state 
 
  ,      (5.6) ( ) elementgrelement cfc ⋅−= 1
 
where f is the excitation yield 3. Now we can write the equation for the transmitted number 
of photons through the laser illuminated sample as  
 
dcdcdcdcf
excited
restrestsolventsolventelementelementelementelementelement eeeeI
I
⋅⋅−⋅⋅−⋅⋅−⋅−⋅⋅− ⋅⋅⋅⋅= σσσσσ )(0 *
dcf
unexcited
elementelementelementeI ⋅−⋅⋅−⋅= )( * σσ  ,      (5.7) 
 
where  stands for the absorption cross-section of the excited species. The pump-
probe signal from equation (5.1) can, thus, be rewritten as: 
*
elementσ
 
               ( ) dcfesignal elementelementelement ⋅−⋅⋅⋅= σσ *log .    (5.8) 
                                                 
3 The excitation yield is in fact a function of pump-probe delay. Here it is treated as a constant in order to 
calculate the signal-to-noise ratio for a fixed time-delay. 
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For low pump intensities the excitation yield f can be calculated using Lambert-Beer’s law. 
The first step is the calculation of the number of excited species ( ) in the overlap 
region between pump and probe beam on the sample. 
*
elementn
 
                ( )dclaserlaserlaserelement laserelementelementeIIIn ⋅⋅−⋅=−= σ1010*   (5.9) 
 
laserI0  is the number of laser photons before and  after the sample. is the optical 
absorption cross section of the sample at the given laser excitation wavelength. Assuming 
that the pump and the probe volume V [mm
laserI0
laser
elementσ
3] within the sample are the same, we can 
calculate from equation (5.9) the excitation yield via: 
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Formula (5.10) is valid for rather low laser intensities, where multiphoton processes can be 
excluded, which means 
 
 10 <⋅
A
I laserelement
laser σ
 ,       (5.11) 
 
with A being the area  [mm2] of the laser spot on the sample. For those experiments, where 
equation (5.11) does not apply or where solvent absorption plays a significant role (e.g. UV 
pump probe measurements) it is favorable to estimate, if possible, the excitation yield from 
optical pump-probe experiments and work with the experimental value in the calculation 
for the best signal-to-noise ratio. The adjustable parameters in the set-up are, according to 
equation (5.8), celement and d. The excitation yield f is always set as the highest 
experimentally attainable value, because the signal-to-noise ratio increases proportionally 
to it. So, the signal-to-noise ratio can be optimized by finding the extreme values in 
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5.2 Optimization of the Pump-Probe Measurement on Aqueous [Ru(bpy)3]2+
In the following the calculation of the optimized signal-to-noise ratio for a pump-probe 
experiment on ruthenium-(trisbipyridine) in water will be presented and the feasibility of 
the experiment discussed. 
 
The reaction under investigation is 
   
  [RuII(bpy)3]2+ + h·ν → [RuIII(bpy)2(bpy)-]2+,    (5.13) 
 
in which ruthenium changes the oxidation state from +2 to +3 upon laser-excitation and 
remains in the excited state for a couple hundred nanoseconds (more details on the reaction 
scheme in § 4). X-ray absorption edges are sensitive to the oxidation state and thus a shift 
of the edges to higher energy for the Ru(III) compound is expected. At beamline 5.3.1 we 
  46 
have access to the Ru L-edges. The strongest L-edge (L3) is subject to the following 
calculations. The question is, how many incident x-ray photons will be needed to measure 
the valence shift with and what are the corresponding optimized sample 
concentration and thickness. 
1=SN
 
 
5.2.1 Input Parameters for the Laser Excitation  
The input parameters are chosen to reflect the experimental conditions as we find them at 
beamline 5.3.1 at the Advanced Light Source in Berkeley. This concerns the number of 
available laser photons and the laser spot-size on the sample, which is adjusted to the x-ray 
spot-size (§ 3.7).  The optical absorption cross-section is measured independently (§ 4.4). 
 
Table 5.1. input parameters for laser pump process 
laserI0  1·10
15 photons @ λ = 400 nm, (500 µJ) 
laser
elementσ  2.7·10-15 mm2  @ λ = 400 nm 
A 0.25 mm 25.0⋅ mm  
 
f 
f (0.82 mmol/l) = 0.856 
f (10.7 mmol/l) = 0.394 
f (40.0 mmol/l) = 0.078 
f (80.0 mmol/l) = 0.075 
 
The input parameters ( ) exceed the conditions set by equation (5.11) by a 
factor of 40, which makes multiphoton absorptions very likely, and indeed we measure 
deviations from Lambert-Beer’s law in the excitation process (§ 6). Thus, for the 
estimation of the excitation yield experimental values from optical pump-probe 
measurements are taken (figure 6.10). 
AI laserelement
laser ,,0 σ
 
 
5.2.2 Input Parameters for the X-ray Probe Measurement  
The x-ray absorption cross-sections for water (solvent), the bipyridine ligands and the 
chloride counter-ions (rest) are calculated from atomic scattering factors (see appendix A 
and reference [3]). From literature we obtain L3 edge spectra of [Ru(bpy)3]Cl2 (powder) [4] 
and [Ru(NH3)6]Cl3 (powder) [5,6]. Reference [4] provides us with a ground state spectrum 
of our sample, while [Ru(NH3)6]Cl3 is used to approximate the excited state 
[RuIII(bpy)2(bpy)-]2+, since in both cases ruthenium is in the oxidation state (III) and it is 
complex bound by six nitrogen atoms. [Ru(NH3)6]3+ has an octahedral symmetry, while the 
bond angles in  [RuIII(bpy)2(bpy)-]2+ are very likely slightly distorted from a perfect 
octahedron as observed in the ground-state species (§ 4). However, the [Ru(NH3)6]Cl3 
compound seems to be the closest match to the excited state species and is therefore used 
to estimate the photo-induced changes in the x-ray absorption cross-section. The spectrum 
of [Ru(NH3)6]3+ was taken from [5] and its relative photon energy axis shifted according to 
[6]. The literature spectra of [Ru(bpy)3]2+ and [Ru(NH3)6]3+ were scaled on the y-axis to 
match the absorption cross-sections below and above the L3 edge as calculated by the 
atomic scattering factors [3]. Figure 5.1 shows the result together with a difference plot of 
the two spectra.  
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Figure 5.1 L3 edge of [Ru(bpy)3]2+ (solid curve) [4] and [Ru(NH3)6]3+ (dashed curve) [5,6] 
together with a calculated Ru L3 edge (thick solid line) [3]. The difference between the 
absorption cross-sections of the Ru(II) and Ru(III) compounds is shown by the dotted line. 
A’, B and B’ indicate pre-edge features (§ 7.5.1). 
 
 
The literature spectra show pronounced near-edge features, which will be discussed in 
detail in § 7.5.1. Here I will only draw the attention to the valence-shift of the B-feature, 
which corresponds to a maximum change in the absorption cross-section of  mm17103.2 −⋅ 2 
at 2840.2 eV. This change will be used in the calculation of the best signal-to-noise ratio. 
The input parameters for the probe process at 2840.2 eV (L3 edge) are displayed in table 
5.2. 
 
Table 5.2. Input parameters for x-ray probe process 
0I  10
4 monochromatic photons/x-ray pulse (§ 3.8.2) 
elementσ  6.2·10-17 mm2
*
elementσ  3.9·10-17 mm2
σsolvent 6.7·10-19 mm2 (water) 
σrest 2.9·10-17 mm2 (2 Cl, 30 C, 6 N) 
csolvent 3.35·1019 molecules/ mm3
crest = celement
 
Water is a rather strongly absorbing solvent at x-ray energies near the Ruthenium L3 edge. 
When changing the product of celement and d in equation (5.7), it is favourable to keep d as 
small as possible in order to minimize the solvent absorption. Technically the limit lies on 
the order of 100 µm due to the type of sapphire nozzles, which we use to create liquid flat 
jets. In the case of a 100 µm-thick jet the water still absorbes 90 % of the x-ray photons. 
The aim of the following calculation is therefore the optimization of the signal-to-noise-
ratio for a 100 µm-thick water jet by varying celement. 
 
 
  48 
5.2.3  Results of the Calculation and Estimation of the Feasibility of the Experiment 
The calculations were carried out using Mathematica 4.1 (Wolfram Research) with the 
code given in appendix D. Figure 5.2 shows the result of the calculation. The input 
parameters from table 5.1 and 5.2 yield the four values indicated by dots. The solid line 
takes the input parameters from table 5.2, but calculates the hypothetic case of an 
excitation yield of 100 % (f = 1). The case of f = 1 shows the maximum signal-to-noise 
ratio, which we could possibly obtain in the [Ru(bpy)3]2+ experiment. Here, the best 
concentration is 0.4 mol/l. At smaller concentrations less species contribute to the signal 
and in larger concentrations the sample itself absorbs too many photons, which contributes 
to the noise. The first limiting condition is the solubility of [Ru(bpy)3]2+ in water. The limit 
lies around 0.08 mol/l at room-temperature, therefore only concentrations below 0.08 mol/l 
can be taken into account as indicated by the vertical line in figure 5.2. The second 
limitation is – and this has already been mentioned – the rather low laser excitation yield. 
The maximum signal-to-noise ratio calculated from the experimentally found values for f 
(§ 6.1.3), is an order of magnitude below the maximum signal-to-noise ratio of the 100 % 
excited sample. Here, the highest signal-to-noise ratios are achieved at concentrations 
between 0.01 and 0.08 mol/l. 
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Figure 5.2. Calculation of the signal-to-noise ratio after one x-ray pulse, for the 
experiment on [Ru(bpy)3]2+. The solid line shows the hypothetic case of 100 % excitation 
yield (f=1) and the dots take into account experimental data for f. 
 
 
Equation (5.14) calculates the minimum number of incident x-ray photons for SN = 1.  
 
2
0
1 SN
I
I SN ==        (5.14) 
 
SN for the 80 mM sample is 0.15 after one x-ray pulse of 104 incoming photons (I0). 
4.4·105 photons are needed for SN=1. Thus the minimum integration time at a 1 kHz 
repetition rate for this pump-probe experiment is 44 milliseconds per data point. 
Integration times on this order of magnitude are easy to work with. Experience at beamline 
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5.3.1 taught us that we can integrate probe signals over 20 hours in a 2-week beamtime 4. 
A large fraction of the scans fails, because it is difficult to keep the experimental 
conditions stable. The stability has to be given for an entire scan (energy spectrum or time-
delay) to obtain a complete data-set, and over days, so that multiple scans can be added up 
to further improve the signal-to-noise ratio. Main sources of instability are laser-timing, 
storage ring performance (electron beam loss and regular refills) and the sample (flow of 
the liquid jet). A typical energy-scan for the ruthenium compound contains about 700 
individual data points, which leaves an integration-time of 100 seconds or  incoming 
photons (assuming 10
910
4 photons/pulse) for each  and . Of course, one can play 
with these numbers and achieve slightly longer integration times by cutting out points in 
the absorption spectrum. The decision has to be made individually for each system under 
investigation considering the x-ray photon energy range, which needs to be covered in 
order to observe the desired pump-probe effect. 
excitedI unexcitedI
 
 
5.3 Optimization of the Pump-Probe Measurement on Aqueous [Fe(CN)6]4-
In the following the calculation of the optimized signal-to-noise ratio for a pump-probe 
experiment on iron(II)hexacyanoferrate in water are presented and the obtained signal-to-
noise ratio compared to the experiment. The reaction under investigation is: 
 
  [FeII(CN)6]4- + h·ν (266 nm) →  [FeIII(CN)6]3- + .   (5.15) −aqe
 
The Fe(II) compound is pumped with 266 nm light and transforms into the Fe(III) 
compound [7,8]. As for the photo-reaction of the ruthenium compound we expect a valence 
shift of the absorption edges to higher energies upon photo-excitation. The accessible edge 
at beamline 5.3.1 is the Fe K-edge. 
 
 
5.3.1 Input Parameters for the Laser Excitation 
The optical absorption cross-sections in water of precursor and products are given in figure 
5.3; and table 5.3 summarizes the input parameters for the optical pump process. 
 
Table 5.3. input parameters for laser  pump process 
laserI0  2·10
14 photons @ λ = 266 nm, (150 µJ, 1.6 TW/cm2) 
laser
elementσ  8.9·10-16 mm2  @ λ = 266 nm 
F 0.25 mm·0.25 mm 
f = 0.008            ( particles/mm1710022.625.0 ⋅⋅=elementc 3 and  d = 0.1 mm) 
 
The input parameters ( ) exceed the conditions set by equation (5.11) 
slightly, so multi-photon excitations can occur and an experimental input parameter for f is 
desirable. Figure 5.4 shows the result of an optical pump-probe measurement (setup in 
appendix E), which measures the appearance of the [Fe
FI laserelement
laser ,,0 σ
III(CN)6]3- absorption at 425 nm (see 
figure 5.3) after a pump-probe delay of 0.5 ns. The sample is a 0.25 molar aqueous solution 
of Na4[Fe(CN)6] flown through a 100 µm-thick jet. 
                                                 
4 The actual time for x-ray photon energy scans is larger by a factor of two, because the monochromator 
needs to be moved between each new data point. 
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Figure 5.3. Optical absorption cross-sections of [FeII(CN)6]4- (solid line) and [FeIII(CN)6]3- 
(dashed line) in water measured with a Perkin Elmer UV/VIS spectrometer (Lambda 35).  
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Figure 5.4. The difference of absorption between the laser illuminated ( 266=λ nm) and 
the unperturbed sample is plotted together with a fit, which includes a parabolic function 
for the background from the solvated electron and the absorption cross-sections of the 
disappearing Fe(II) and appearing Fe(III) compounds. The excitation yield is 0.8 % of 
Fe(III) after a pump-probe delay of 0.5 ns. 
 
 
The signal rides on a background due to the absorption of the solvated electron [9] 
(maximum absorption centered at 720 nm), which is created together with the Fe(III) 
compound. The background was fitted with a parabolic function and an excitation yield of 
0.8 % of Fe(III) was obtained by using the optical cross-sections shown in figure 5.3. The 
excitation yield, which is calculated via the number of absorbed pump photons with 
Lambert-Beer’s law including the quantum efficiency ( 65.0=φ ) of the photo-electron 
ejection [7], is more than an order of magnitude larger. One could assume that perhaps a 
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major part of the population of Fe(III) has reacted back to Fe(II) within the pump-probe 
delay of 0.5 ns. However, recombination of Fe(III) with the photoelectron is diffusion 
controlled and has a decay time on the order of 100 ns [10]. Geminate recombination 
occurs on a sub-nanosecond time-scale, but does not affect more than 20 % of the 
population [8]. Therefore, we must be dealing with non-linear optical effects in the pump 
process, which make a prediction via Lambert-Beer’s law impossible. The sample could 
absorb more than one photon, but more likely it is the solvent. Transmission measurements 
of UV light through a pure water jet showed that 30 % of the incident photons are absorbed 
by the solvent at the given laser intensity (1.6 TW/cm2). Thus, a large fraction of UV 
photons are lost for the excitation of [Fe(CN)6]4-. Unfortunately only one concentration of 
the [Fe(CN)6]4- sample was studied via optical pump-probe spectroscopy, which is now the 
only reasonable input parameter at hand for a signal-to-noise calculation. Still we can 
compare this value to the maximum signal-to-noise ratio of a solution with f = 1. 
 
 
5.3.2 Input Parameters for the X-ray Probe Measurement 
X-ray absorption spectra of [FeII(CN)6]4- and [FeIII(CN)6]3- in aqueous solution have been 
measured at beamline 5.3.1 at the Advanced Light Source. The absorption spectra shown 
in figure 5.5 are scaled on the y-axis to fit the Fe K-edge as calculated by the atomic 
scattering factors [3]. The maximum change in absorption cross-section, which is due to 
the valence shift, can be observed at 7128 eV. This change will be used as an input 
parameter in the calculation of the signal-to-noise ratio. The input parameters for the probe 
process at 7128 eV (K edge) are given in table 5.4. 
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Figure 5.5. Iron K edge of [Fe(CN)6]4- (thin solid line) and [Fe(CN)6]3- (dashed line) 
together with the Fe K edge (thick solid line) as calculated from atomic scattering factors 
([3]and appendix A). The difference between the absorption cross-sections of the Fe(II) 
and Fe(III) compounds is shown by the dotted line. 
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Table 5.4. Input parameters for x-ray probe process 
0I  2·10
4 monochromatic photons/x-ray pulse [11] 
elementσ  18102.4 −⋅  mm2
*
elementσ  18103.3 −⋅  mm2
σsolvent 20103.4 −⋅  mm2
σrest 19103.8 −⋅  mm2
csolvent 3.35·1019 molecules/ mm3
crest = celement
 
  
5.3.3  Comparison of Calculation to Experimental Data 
Figure 5.6 displays the results of the calculation for a sample of thickness d = 0.1 mm 
(same as experimental data in § 5.3.2). In the hypothetic case of f = 1 a rather large 
concentration of 7 mol/l gives the best signal-to-noise ratio. The main reason is the low 
absorption cross-section of the sample molecule. Apparently up to 7 mol/l the background 
absorption of Na4[Fe(CN)6] is not a limiting factor in the experiment. The signal-to-noise 
ratio for f = 1 at 0.25 mol/l is 1.22 per x-ray shot, for f = 0.008 it is 0.01. To observe a 
signal with SN = 1 for f = 0.008 a total of  incident photons on the sample are needed 
(for each  and ). Figure 5.7 shows the sum of 52 pump-probe x-ray spectra of 
the Fe K-edge, which were obtained at a time-delay of 1 ns. After 20 hours of scanning 
(~10 hours of integration), the noise was reduced down to 0.057 mOD ( incoming 
photons). The expected signal height from the calculation is 0.047 mOD, thus, in principle, 
we should observe a weak pump-probe signal with SN=0.8. However, any pump-probe 
signal in the difference spectrum in figure 5.7b is either absent or buried in the noise. What 
are the reasons for the absence of the pump-probe signal? We would obviously miss a 
pump-probe signal if the pump and probe beams did not spatially or temporally overlap. 
Also, the estimation of the excitation yield or the change in the x-ray absorption cross-
section may be wrong, which could lead to the prediction of a pump-probe signal smaller 
than 0.046 mOD. In the following these sources of errors are discussed. 
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Figure 5.6. SN calculations for [Fe(CN)6]4-. The solid line shows the case of a 100 % 
excitation yield. The data-point represented by the star takes into account the optically 
measured excitation yield of f = 0.008 and the dot represents the signal-to-noise ratio 
which could be achieved by using an intense laser pulse beyond 20 TW/cm2. 
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The procedure of obtaining the spatial overlap, by guiding the pump and the probe beam 
through a pinhole (§ 3.7), has been successfully applied in several pump-probe 
measurements and is therefore a reliable procedure. The time delay between laser pump 
and x-ray probe pulse was chosen to be rather large (1 ns), which guarantees that the laser 
hits the sample before the x-rays. The x-ray absorption cross-sections were calculated from 
tabulated atomic scattering factors and the way the reference spectra were scaled to fit 
these tabulated values is straight forward. The estimation of the excitation yield is the most 
difficult parameter, but great care was taken to measure f with optical pump-probe 
spectroscopy in the Lausanne laser laboratory under exactly the same conditions as the 
experiment at the beamline. However, the pump-probe signal scales linearly with the 
excitation yield and an error of a factor of 2 in measuring f lowers the signal beneath the 
detection level. The difficulty lies in further increasing the signal-to-noise ratio. Longer 
integration times are basically impossible. Although the data in figure 5.7 is the result of 20 
hours of scanning, the actual experiment took 3 days (due to difficulties in keeping the 
experimental conditions stable, see § 5.2.3). Increasing the signal-to-noise ration by a 
factor of 2 only, means measuring 4 times longer; this exceeds our current limits of 
allowed time at the beamline. A stronger source like an undulator could solve this problem. 
The other option is to increase the excitation yield. Excitation yields up to 5 % were 
measured for a 0.25 molar solution when working with intensities beyond 20 TW/cm2. 
Here the difficulty is to provide enough laser power (1.5 mJ UV light) to cover the x-ray 
spot of 250 µm diameter. A beamline with higher beam focussing capabilities would also 
help solve the problem. Thus, with the current set-up the experiment on [Fe(CN)6]4- 
exceeds our possibilities. 
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Figure 5.7. a) Iron K edge absorption spectrum of 0.25 molar [Fe(CN)6]4-. b) Difference 
absorption spectrum recorded at a 1 ns pump-probe delay. 
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6. Optical Spectroscopy on [Ru(bpy)3]2+
 
Although this work focuses on time-resolved x-ray absorption measurements, it is 
indispensable to carry out a few optical measurements on the sample beforehand. With 
optical spectroscopy we can check the efficiency of the laser pump process and estimate 
whether a laser pump x-ray probe experiment with the given excitation yields is feasible. 
This estimate of feasibility by optical methods is very important, because the granted time 
for experiments at large scale facilities as synchrotrons is strongly restricted and not more 
than one or two samples can actually be measured at a time. Therefore thorough checks are 
run on the sample with the aim to obtain as much information as possible before the actual 
time-resolved x-ray absorption experiment begins. Another advantage of having both 
optical and x-ray data together is the complementarity of the techniques. X-ray absorption 
gives specific information about the electronic structure of an atom of interest and the 
structure of its local environment, while optical spectroscopy probes transitions from 
valence bands without being atom selective. Both techniques combined can complete the 
picture of the molecular system under investigation. 
 
In §4 the molecule [Ru(bpy)3]2+ and its photocycle were introduced. Here, I report on our 
optical studies, which consists of picosecond-resolved transient absorption measurements 
and nanosecond-resolved fluorescence measurements. Special interest lies on 
measurements with high laser pump intensities and high sample concentrations, which are 
required for the x-ray experiment according to the model in [1] and § 5. These systems 
have little been investigated and the sparse literature that exists is included in the 
discussion of the experimental pump-probe data.  
 
 
6.1 Optical Pump Probe Spectroscopy  
The optical pump probe set-up, which is used to measure the excited state population of 
aqueous [Ru(bpy)3]2+ is described in detail in appendix E. Here suffice it to say that the 
sample is excited by a 400 nm femtosecond laser pulse and the 3MLCT is probed by a 
pulse of white-light (350-650 nm) from the same source. This choice of the white-light 
range of wavelengths ensures us to cover the absorption bands of nearly all photoproducts 
(see figure 6.5). The probe beam is then coupled into a monochromator and a CCD 
(charged coupled device) camera detects the transmitted spectrum. Typical integration 
times for a spectrum are 1-5 seconds. After the spectrum of the laser excited sample has 
been recorded, the pump beam is blocked and a reference spectrum is recorded. The 
sample is, as in the time-resolved x-ray absorption measurements, a free flowing jet.  
 
 
6.1.1 Concentration and Pump Intensity Dependent Measurements 
Four solutions were studied at a time-delay between 180-200 ps as a function of laser 
pump power: 10.7 mmol/l, and 40.0 mmol/l with a jet-thickness of 100 µm and 0.4 mmol/l 
and 40.0 mmol/l with a jet-thickness of 200 µm. The sample concentrations were chosen to 
cover about two orders of magnitude approaching the solubility limit of the compound in 
water (~80 mmol/l). The optical pump-probe spectroscopy on the concentrated samples is 
complicated due to the large optical absorption cross-sections of the sample. For a wide 
range of wavelengths the sample is simply opaque. However, the time-resolved x-ray 
absorption measurements are more favourable at higher concentrations, which compensate 
for the weaker x-ray absorption cross-sections, under the condition that high enough 
excitation yields are reached (§ 5.2.2). Therefore, measurements of excitation yields in 
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concentrated samples are important, even if the results contain large error bars and 
extrapolations from excitation yields in more dilute solutions have to be made. In the time-
resolved x-ray absorption measurements the thinnest possible jet is chosen in order to 
minimize the strong absorption from the solvent (90 % at 2840 eV for 100 µm of water, 
see § 5.1). In the optical pump-probe experiment the jet thickness is less important, 
because the linear absorption cross-section of water is basically zero in the applied range of 
wavelengths. Thus, the only guideline for the choice of the jet thickness in the optical 
experiments was to keep it similar to the conditions in the x-ray set-up, so that both sets of 
data can be compared. The optical pump-probe measurements were carried out at a timing 
that we could be confident on setting in the x-ray experiment without first seeing a time-
resolved x-ray absorption signal (no cross-correlator existed at the time of planning the x-
ray probe measurements). 
 
Figure 6.1 to 6.4 show the transient spectra of the optical pump-probe measurements. All 
measurements show a strong bleach signal near 450 nm and an additional absorption below 
400 nm. The range of the white-light spectra varies slightly in the different measurements, 
because adjustments were made depending on the absorption of the sample at different 
concentrations. The highly concentrated samples (40 mmol/l) are basically opaque in the 
range between 410 nm and 480 nm due to the MLCT absorption band of [RuII(bpy)3]2+. In 
figures 6.3 and 6.4 this can be seen from the noise in this interval due to the low photon 
count rate. In order to improve the signal on the blue side of the spectrum (below 400 nm), 
where [RuIII(bpy)2(bpy)-]2+ is expected to absorb (see figure 6.5), an additional blue filter 
(BG9) was inserted into the white light path and in combination with longer integration 
times more photon counts were achieved. As a consequence the probe light on the red side 
of the spectrum was cut off and we see noise above 510 nm in figures 6.3 and 6.4. The 
measurements on the 10.7 mmol/l sample originate from a different series of 
measurements than the other 3 data-sets. For the former the white-light probe spectrum 
reaches 10 nm further down to the UV (350 nm). 
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Figure 6.1. Optical pump probe spectra of aqueous 0.412 mM [Ru(bpy)3]2+ in a jet of 
200 µm thickness and a pump probe time-delay of 200 ps together with a fit (solid line). 
The fit parameters are given in units of mmol/l. 
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Figure 6.2. Optical pump probe spectra of aqueous 10.7 mmol/l [Ru(bpy)3]2+ in a jet of 
100 µm thickness and a pump probe time-delay of 200 ps together with a fit (solid line). 
The fit parameters are given in units of mmol/l. 
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Figure 6.3. Optical pump probe spectra of aqueous 40.0 mmol/l [Ru(bpy)3]2+ in a jet of 
100 µm thickness and a pump probe time-delay of 180 ps together with a fit (solid line). 
The fit parameters are given in units of mmol/l. The noise between 405 nm and 480 nm is 
due to the opaqueness of the sample. Beyond 510 nm the white-light intensity is too weak.  
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Figure 6.4. Optical pump probe spectra of aqueous 40.0 mmol/l [Ru(bpy)3]2+ in a jet of 
200 µm thickness and a pump probe time-delay of 180 ps together with a with (solid line). 
The fit parameters are given in units of mmol/l. The noise between 400 nm and 495 nm is 
due to the opaqueness of the sample. Beyond 510 nm the white-light intensity is too weak. 
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6.1.2 Discussion 
The broad bleach signal near 450 nm corresponds to the ground-state MLCT absorption 
band of the disappearing species [Ru(bpy)3]2+ (see absorption spectrum in figure 4.3). The 
additional absorption, which is observed in the transient spectra below 400 nm, belongs to 
the photo-product [Ru(bpy)2(bpy)-]2+ according to references [2,3]. The 3MLCT state has 
its absorption maximum at 370 nm, possibly a ligand centered ππ →  transitions of the 
radical bpy- ligand [4]. Besides the 3MLCT state a few other photo-products are possibly 
formed during the excitation process or as a product of subsequent reactions. The species, 
which are likely to be found, are according to literature: 
 
[RuII(bpy)2(bpy)-]+     + photon → [RuIII(bpy)3]3+ + eaq- [5,6] (6.1) 
[RuII(bpy)3]2+ + eaq- → [RuII(bpy)2(bpy)-]+ [7] (6.2) 
H2O + x photons → H2O+ + eaq- [8,9] (6.3) 
 
The absorption spectra of [RuII(bpy)2(bpy)-]+, the solvated electron and [RuIII(bpy)3]3+ are 
included in figure 6.5 and are used to fit the experimental data obtained in the optical 
pump-probe measurements. The spectrum of the 3MLCT state is available up to 500 nm 
only. For the fits the absorption coefficient has been set to a constant (  mm16103.5 −⋅=σ 2) 
for wavelengths from 475 nm to 600 nm. The constant value corresponds to the minimum 
of the absorption spectrum at 475 nm as reported in reference [2] and, thus, avoids a small 
discontinuity at 500 nm. The spectrum of [Ru(bpy)3]3+ is available down to 360 nm only. 
For the fit the spectrum was extrapolated to 350 nm. The pump-probe spectra were fitted 
with a non-linear Levenberg-Marquart iteration as implemented in Origin 7.0 (OriginLab 
Corporation). Using equation (6.4) as the fit function, the  value, representing the 
quality of the least squares fit, was minimized. 
2χ
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excitedI  and  are the measured transmissions through the laser-illuminated and the 
dark sample, respectively. The fit parameters mlct, ru+, ru3+, e and gr stand for the change 
in concentration of the following compounds: 
unexcitedI
 
gr: [RuII(bpy)3]2+
mlct: [RuIII(bpy)2(bpy)-]2+
ru+: [RuII(bpy)2(bpy)-] +
ru3+:  [RuIII(bpy)3]3+
e: eaq-. 
 
σ  expresses the optical absorption cross-sections with the index referring to the different 
compounds, and d is the sample thickness. Due to the strong absorption of the sample and 
the available range of probe wavelengths in the white-light pulse, the following fit intervals 
have been used: 
0.412 mmol/l  / 200 µm : 390-600 nm 
10.7   mmol/l  / 100 µm : 350-600 nm 
40.0   mmol/l  / 100 µm : 375-405 nm and 480-510 nm 
40.0   mmol/l  / 200 µm : 380-400 nm and 495-510 nm . 
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The fits are shown together with the transient spectra in figures 6.1 to 6.4. Tables 6.1 to 6.4 
summarize the fit-parameters. 
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Figure 6.5. Optical absorption spectra of [RuIII(bpy)2(bpy)-]2+ [2], [RuIII(bpy)3]2+ (dashed 
line), [RuII(bpy)2(bpy)-]+ [7]  and electron [9] in an aqueous solution.  
 
 
Table 6.1 0.412 mM / 200 µm , Dt = 200 ps ,  all units in mmol/l 
 gr mlct ru+ e ru3+ 
0.06 J/cm2 -0.11 (0) 0.09 (0) 0.01 (0) 0.00 (0) 0.00 (0) 
0.11 J/cm2 -0.17 (0) 0.13 (0) 0.01 (0) 0.00 (0) 0.00 (0) 
0.13 J/cm2 -0.20 (0) 0.18 (0) 0.01 (0) 0.01 (0) 0.00 (0) 
0.38 J/cm2 -0.35 (0) 0.30 (0) 0.03 (0) 0.13 (0) 0.00 (0) 
0.98 J/cm2 -0.41 (-) 0.03 (1) 0.05 (4) 0.70 (0) 0.33 (4) 
 
Table 6.2 10.7 mM / 100 µm , Dt = 200 ps ,  all units in mmol/l 
 gr mlct ru+ e ru3+ 
0.15 J/cm2 -3.18 (5) 3.09 (4) 0.16 (4) 0.00 (0) - 
0.29 J/cm2 -5.11 (4) 3.83 (3) 0.45 (4) 0.17 (4) - 
0.59 J/cm2 -6.43 (6) 4.26 (4) 0.81 (6) 0.58 (7) - 
1.12 J/cm2 -7.12 (4) 4.21 (3) 0.90 (4) 1.79 (5) - 
 
Table 6.3 40.0 mM / 100 µm ,  Dt = 180 ps , all units in mmol/l 
 gr mlct ru+ e ru3+ 
0.10 J/cm2 -1.30 (3) 0.38 (1) 0.00 (1) 0.00 (4) - 
0.20 J/cm2 -2.20 (8) 1.10 (3) 0.35 (3) 0.0 (4) - 
1.02 J/cm2 -5.6 (1) 3.5 (1) 0.2 (4) 1 (1) - 
 
Table 6.4 40.0 mM / 200 µm ,  Dt = 180 ps , all units in mmol/l 
 gr mlct ru+ e ru3+ 
0.10 J/cm2 -1.3 (2) 0.98 (9) 0.00 (3) 0.0 (1) - 
0.77 J/cm2 -4.2 (2) 2.6 (1) 0.65 (6) 0.00 (8) - 
0.98 J/cm2 -4.8 (6) 3.3 (6) 0.5 (1.4) 2.0 (1) - 
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The change in concentration of [Ru(bpy)3]2+ (gr) in the 0.98 J/cm2 pump probe spectrum of 
the 0.412 mmol/l / 200 µm sample corresponds to the upper limit of the fit parameter. A 
slightly better fit can be obtained by exceeding this value, but physically a higher decrease 
in concentration is not possible, since 0.412 mmol/l is the total concentration of the Ru-
complex in the sample. The four parameters gr, mlct, ru+ and e suffice to model the pump-
probe spectra. Only the fit of 0.412 mmol/l / 200 µm at the highest pump intensity can be 
improved by adding the fifth parameter ru3+. A comparison between the fits with and 
without the parameter ru3+ is shown separately in figure 6.6. 
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gr:       - 0.412   
mlct: 0.285 +/- 0.020
ru+: 0.056 +/- 0.003
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gr:       - 0.412   
mlct: 0.028 +/- 0.014
ru+: 0.053 +/- 0.039
ru3+: 0.330 +/- 0.039
e: 0.700 +/- 0.004
 
Figure 6.6. Fit of 0.412 mmol/l / 200 µm with (bottom) and without (top) ru3+ as a fit 
parameter. 
 
According to literature [RuIII(bpy)3]3+ can be produced via a sequential absorption of two 
photons (equation (6.1)) [6,10,11]. The first photon creates the singlet excited state, which 
undergoes fast intersystem crossing (ISC) to the triplet state and then the triplet state 
absorbs a second photon, which ejects an electron into the solvent. The reported studies 
were carried out with nanosecond pump pulses. If we want to apply this mechanism to our 
experiment with femtosecond pump pulses, we have to assume that the ISC is faster than 
100 fs in order to produce a significant population in the triplet state. The fastest decay 
time for the singlet state reported in literature is 100 fs [12], which reaches the right order 
of magnitude to make the proposed mechanism work. However, the reported value is too 
close to the pump pulse width to decide whether the mechanism is applicable or not; and 
the question remains open until the decay of the singlet state has been measured more 
precisely with a higher temporal resolution. Considering the extreme excitation intensities 
in our measurements, which are unprecedented in literature, a second mechanism for the 
formation of [RuIII(bpy)3]3+ could be evoked. It may be possible that a multiphoton 
ionization of the ground-state competes with the fast ISC of the singlet state. We first 
excite the electron to the 1MLCT state and immediately (within a few femtoseconds) a 
second photon is absorbed, which ejects the electron into the solvent. Since the outcome of 
both mechanisms is the same (the formation of [RuIII(bpy)3]3+ + eaq- ), we cannot 
distinguish between both and, thus, we cannot vote for one or the other. We do not see the 
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oxidized complex [RuIII(bpy)3]3+ (ru3+) in the more concentrated samples for probably two 
reasons: For once, more molecules compete for the pump photons and the absorption of 
more than one photon becomes less likely. The other reason is the small absorption cross-
section of [RuIII(bpy)3]3+, which is an order of magnitude below the cross-sections of the 
other photoproducts (see figure 6.5). Thus, the absorption signal of [RuIII(bpy)3]3+ in a 
concentration as large as one or two mmol/l could be buried in the transient spectra of the 
more concentrated samples. We can make a rough estimate on the [RuIII(bpy)3]3+ 
concentration, which we expect in the transient spectra by looking at the concentration of 
the solvated electrons, because [RuIII(bpy)3]3+ is formed by ejection of an electron, and 
thus their concentrations should correspond to each other. 
 
Figure 6.7 compares the sum of the concentrations of [RuII(bpy)2(bpy)-]+ and  as a 
function of pump fluence. According to equation (6.1) a ground state complex traps a 
solvated electron and forms [Ru
−
aqe
II(bpy)2(bpy)-]+. Thus, by including (ru+) in the sum, we 
get a more accurate idea of how many solvated electrons were produced in the pump 
process. In case of the dilute sample we know that 0.33 mmol/l of [RuIII(bpy)3]3+ were 
formed at high pump fluence and we should see the same concentration of solvated 
electrons. In fact, as illustrated in figure 6.7, we observe a concentration of 0.75 mmol/l, 
which exceeds the total amount of ruthenium molecules in solution.  
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Figure 6.7. Comparison of [RuII(bpy)2(bpy)-]+ and  as a function of pump fluence for 
two concentrations. 
−
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We can conclude that photoionization of water probably plays a major role in the 
production of electrons adding another 0.42 mmol/l of solvated electrons to the dilute 
solution. The threefold increase in concentration of solvated electrons in the 10.7 mM 
sample indicates that, here, the ruthenium complex is the main source of photo-electrons. 
We measure 2.69 mmol/l of , and a maximum of 0.42 mmol/l (15 %) may pertain to the 
photoionisation of water, which is no longer significant. It is interesting to note that the 
curve of the fluence dependent electron yield bends upwards for the dilute sample as 
expected for a multiphoton ionization process. The electron yield for the 10.7 mmol 
sample is directly proportional to the pump fluence. This linear behaviour actually supports 
−
aqe
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the hypothesis of a sequential photon absorption for the formation of [RuIII(bpy)3]3+. We 
can assume that already the lowest applied pump intensities saturate the first absorption 
step, so that the absorption of the second photon appears to follow a linear law. The 
40 mM samples are not displayed, because of the large error bars, but we can assume that 
the majority of electrons are produced from the ruthenium complexes as in the 10.7 mM 
sample. 
 
Figure 6.8 compares the decrease in concentration of the ground-state species with the sum 
of the concentration of the photo-products, including the concentration of  for the 
10.7 mM and 40.0 mM samples, which stands for the potential concentration of 
[RuIII(bpy)3]3+.  
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Figure 6.8. Comparison of the decrease of concentration of the ground-state species versus 
the sum of the photo-products. The [RuIII(bpy)3]3+ concentration (ru3+) was estimated for 
the 10.7 mM and 40.0 mM samples to be equivalent to the concentration of . −aqe
 
The balance between these quantities is observed for the lowest concentration 
(0.412 mmol/l) at all pump intensities. A discrepancy can be observed for the higher 
concentrated sample at an increased pump flux, which indicates that more ground-state 
species disappeared than photo-products were formed. The data on the 40 mM samples 
has, unfortunately, no high reliability (due to the experimental complications as explained 
above), but the discrepancy shown by the 10.7 mM sample is clear. It is possible that after 
200 ps (which is the time-delay of the measurement) the photo-products have reacted into a 
different species, which is inaccessible by our probe wavelength spectrum. Jonah et al. 
suggested an interesting reaction scheme to explain their own data [11]: 
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   [RuIII(bpy)3]3+ +  → [Ru−aqe
III(bpy)2(bpy)-]2+≠  .  (6.5) 
 
They postulated a long-lived doubly excited triplet state ([RuIII(bpy)2(bpy)-]2+≠), which is 
formed by the reaction of [RuIII(bpy)3]3+ with a solvated electron; and they claimed that 
[RuIII(bpy)2(bpy)-]2+≠  was a dark state, whose presence could only indirectly be proven. At 
a time-delay as short as 200 ps the capture of an electron by [RuIII(bpy)3]3+ may be 
considered as the geminate recombination following the two photon excitation of 
[RuII(bpy)3]2+. The probability of finding the doubly excited triplet state under our 
experimental conditions will be discussed in connection with the time-resolved x-ray 
absorption data (§ 7.5.4). In case an additional Ru(III) species with a different decay-time 
than the 3MLCT state is present, we should see its contribution to the temporal evolution of 
the transient x-ray absorption spectrum. A detailed optical pump-probe study showing the 
concentration changes of the above mentioned system (mlct, ru+, ru3+, e and gr) with 
picosecond resolution is underway [13].  
 
 
6.1.3 Excitation Yields of Ru(III)  
The analysis of the excitation yield of Ru(III) is needed as an input for the signal-to-noise 
calculation in § 5.2.3, which estimates the feasibility of a time-resolved x-ray absorption 
measurement on aqueous [Ru(bpy)3]2+. In the x-ray absorption spectrum we expect to see a 
difference between Ru(II) and Ru(III) species. The latter is the sum of [RuIII(bpy)2(bpy)-]2+ 
and [RuIII(bpy)3]3+, because [RuIII(bpy)2(bpy)-]2+ as well as [RuIII(bpy)3]3+ contribute to the 
expected photo-induced signal in time-resolved x-ray absorption spectroscopy. Both give 
rise to a valence shift, as they have the same d-orbital occupancy. 
 
In figure 6.9 the excitation yield of Ru(III) is plotted versus the fluence of the pump pulse. 
Contrary to the assumption made above, that one could estimate the concentration of 
[RuIII(bpy)3]3+ via the concentration of , we make a more conservative approach and 
use only those concentrations of [Ru
−
aqe
III(bpy)2(bpy)-]2+ and [RuIII(bpy)3]3+, which have 
directly been measured, in order to avoid a potential overestimation of the excitation yield. 
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Figure 6.9. Excitation yield of Ru(III) as a function of pump energy density for different 
concentrations. 
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The curves for 0.412 mM (= mmol/l) and 10.7 mM show saturation beyond 0.3 J/cm2. The 
maximum excitation yields for the 0.412 and 10.7 mM concentrations are 80 % and 40 %, 
respectively. The curve for 40.0 mM/200 µm and 40 mM/100 µm run basically in parallel 
with a maximum excitation yield near 8 %. This is unexpected since both samples are 
basically opaque at 400 nm and, thus, the same number of pump photons are absorbed, 
which should yield a higher percentage of excited molecules for the 100 µm sample, which 
has a factor of 2 less sample molecules. It is difficult to draw quantitative conclusions from 
the measurements on the concentrated species. Although the error bars in the fits appear to 
be small due to the fact that small wavelength intervals are chosen for the analysis, the 
reliability of the fits is low, because the overall shape of the transient absorption spectrum 
is not accessible. The excitation yields of the 40 mM samples have to be understood as 
minimum fit values. We definitely see the concentrations of transient species as listed in 
tables 6.3 and 6.4, but it might as well be twice more disappearing ground-state species and 
twice more appearing photo-products. For this reason, in the following (figure 6.10) we 
assign asymmetric error bars for the Ru(III) concentration in the measurements on the 
40.0 mM/200 µm and 40 mM/100 µm samples. Negative error bars are taken from the fit, 
positive error bars are set equivalent to the fit values, which takes into account the fact that 
the excitation yield could be twice as much. 
 
The pump probe experiments have been carried out at various concentrations, but also at 
two different jet thicknesses. There is no direct way to combine the results in one graphic 
representing the excitation yield as a function of concentration. However, the absorption of 
the white light probe pulse follows Lambert-Beer’s law, in which the absorption is 
proportional to the product of concentration and sample thickness. Therefore, the data set 
of 0.41 mM/200 µm corresponds to 0.81 mM/100 µm and 40.0 mM/200 µm to 
80.0 mM/100 µm. In figure 6.9 the values are read out at an energy density of 0.89 J/cm2, 
which corresponds to the maximum fluence available at the ALS beamline (covering the x-
ray spot size). The error bars are taken from the data-points, which are closest to 
0.89 J/cm2. Figure 6.10 shows the concentration dependence of the excitation yield. The 
data serve as input parameters for the signal-to-noise calculations in § 5.2.3, which 
estimates the feasibility of a time-resolved x-ray absorption measurement on [Ru(bpy)3]2+.   
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Figure 6.10. Excitation yield of Ru(III) as a function of sample concentration obtained by 
optical pump probe measurements (dots). 
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6.2 Fluorescence Spectroscopy 
In § 6.1 the excitation yields have been measured for different pump intensities and 
different sample concentrations at a pump-probe delay of 180-200 ps. In order to probe the 
excited state kinetics* at longer times we also studied them via fluorescence spectroscopy. 
As mentioned in § 4, the 3MLCT state has a characteristic luminescence (see figure 6.11), 
when it relaxes back to the ground state. The luminescence yield is proportional to the 
population in the triplet-state. Thus, by recording the decay of the luminescence signal one 
obtains information about the population of this state.  
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Figure 6.11. Fluorescence spectrum of [Ru(bpy)3](PF6) in water. Excitation wave-length 
440 nm [14]. 
 
The fluorescence spectra were recorded parallel to the time-resolved x-ray absorption 
measurements, thus a direct comparison between both data sets is possible later on. 400 nm 
pulses excited the sample and a fast avalanche photodiode (Hamamatsu S2384-04, 
response time 10 ns) shielded by a BG9 filter against IR-scatter recorded the luminescence. 
The detection range of 580-600 nm was selected with a bandpass filter. A 1 GHz 
oscilloscope in averaging mode read out the signal. 
 
 
6.2.1 Laser Intensity Dependence 
Figure 6.12 shows an intensity dependent study on an 80 mM sample in a 100 µm jet. 
Changing the pump flux does not affect the decay kinetics of the system. The amplitude of 
the fluorescence signal increases with the pump flux similar to the behaviour observed for f 
(cRu) in the optical pump probe experiment (figure 6.12 b). The difference between both 
measurements is that the fluorescence signal was not scaled and one cannot derive absolute 
concentrations of the 3MLCT state as obtained from the optical pump-probe measurements. 
Fluorescence and pump-probe signals saturate at higher pump intensities, although only 
about 8 % of the sample were converted to the 3MLCT state (as we know from pump-
probe measurements). This observation supports the hypothesis that by absorption of a 
second photon at high pump intensities the population of the 3MLCT state is either 
depleted [11] or a different photo-excitation channel is opened, which competes with the 
excitation to the triplet state. 
                                                 
* I refer to “kinetics” as the time-dependent change of concentration of a molecule. 
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Figure 6.12. (a) Luminescence signal of 80 mM aqueous [Ru(bpy)3]Cl2. Excitation 
wavelength 400 nm. (b) Amplitudes of luminescence signal (stars) and excitation yield 
f(cRut) from optical pump-probe measurements (dots) as a function of fluence (from 
fig. 6.9). 
 
 
 
6.2.2 Concentration Dependence 
Figure 6.13 shows the fluorescence signal of a 1 mM aqueous [Ru(bpy)3]2+ solution. It is a 
single exponential decay, which can be fitted with a rate constant (k1) of 1.95·106 s-1  
according to 
  tk
dt
dA ⋅=− 1  ,       (6.6) 
 
where dA/dt is the reaction rate, A the concentration of the excited state species [mol/l] and 
t time [seconds].  
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Figure 6.13. Population of the 3MLCT state of a photolyzed 1 mM aqueous solution of 
[Ru(bpy)3]2+ saturated with N2, O2 and air [16]. Our own fluorescence data of a 1 mM 
solution in comparison. 
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The value of k1 is slightly higher than reported by literature, which is be 8.8·105 s-1 [15]. 
One reason could be a temperature effect, since we are heating the sample with the laser. 
At 60°C k1 was reported to be 2.2·106 s-1 [15]. Another possibility is quenching by oxygen. 
The other three curves in figure 6.13 show the fluorescence signal of aqueous [Ru(bpy)3]2+ 
solution saturated with nitrogen, oxygen and air. The solutions we used were not degassed, 
but flown in a helium atmosphere. This might explain the presence of traces of oxygen and 
consequently the faster decay of the signal. We do not know whether it is temperature or 
oxygen which quenches the signal, but since the overall effect is small, no further 
investigation was pursued. 
 
Figure 6.14 shows fluorescence signals as a function of concentration at a pump fluence of 
0.88 J/cm2. The quenching effects are striking.  
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Figure 6.14. Luminescence signal of aqueous [Ru(bpy)3]Cl2 at 0.88 J/cm2 as a function of 
sample  concentration together with fits. 
 
The 1 mM sample shows a single exponential decay with a decay constant as stated in 
literature [11,15,17]. The higher concentrated samples show a more complicated decay 
mechanism. The 5 mM and 10 mM samples can be described by a bi-exponential, the 
80 mM sample by a tri-exponential decay. Literature reports on other, more drastic, 
quenching mechanisms with increasing sample concentration [18]: triplet-triplet 
annihilation and to a lesser extent ground-state quenching. In the process of triplet-triplet 
annihilation two excited state molecules exchange energies and possibly an electron 
transfer takes place [19]. The mechanism of triplet-triplet annihilation is given below: 
 
2 [RuIII(bpy)2(bpy)-]2+  → { [RuII(bpy)2(bpy)-]+  +  [RuIII(bpy)3]3+ }        (6.7) 
    →  2 [RuII(bpy)3]2+. 
          
Ground-state quenching is assumed to be a catalytic deactivation of the triplet state 
according to: 
 
 [RuIII(bpy)2(bpy)-]2+  +   [RuII(bpy)3]2+   →   2 [RuII(bpy)3]2+ .  (6.8) 
 
The following rate equation has been proposed [18]: 
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 2321 AkBAkAkdt
dA ⋅+⋅⋅+⋅=− .  (6.9) 
 
k1, k2 and k3 are the rate constants for the unimolecular fluorescence decay, the ground-
state quenching and the triplet-triplet annihilation, respectively. A is the concentration of 
the excited state [RuIII(bpy)2(bpy)-]2+ and B stands for the ground-state concentration. 
Equation (6.9) was integrated in order to obtain a fit function for the fluorescence signal S: 
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The factor a is introduced to link the excited-state concentration A to the signal amplitude, 
since the fluorescence signal is not scaled. A0 is the initial excited-state concentration right 
after and Bo the ground-state concentration before the laser excitation. In the fitting 
procedure with equation (6.10) it soon becomes obvious that no constant value for k2 and 
k3 can be found that fits all concentrations. For example, the value of k3 varies from 
3·108 mol-1s-1l for the 5 mM sample to 4·109 mol-1s-1l for 80 mM. However, the amount by 
which the values of the two rate constants vary is inversely proportional to the volume, i.e. 
by the separation between the [Ru(bpy)3]2+ particles. This means the rate-constants have 
higher values at higher concentrations. For this reason, equation (6.10) is modified, making 
k2 and k3 functions of the sample concentration. 
 
 
0303
0202
)(
)(
BcBk
BcBk
⋅=
⋅=
  (6.11) 
 
The concentration dependence of k3 was reported before [18], but it had never been 
quantified and incorporated into the description of the reaction rate. A physical explanation 
of the concentration dependence of k2 and k3 is delicate. First of all we have to insure that 
the dependence is on the concentration of ruthenium complexes and not on the 
concentration of the counter-ion Cl-. Here, we rely on a study by Milosavljevic and co-
workers [18], who added 0.2 mol/l NaCl to 0.1 mM [Ru(bpy)3]2+ solution and could not 
observe a quenching of the 3MLCT state. This confirms the hypothesis of k2 and k3 being 
functions of B0. Making k2 and k3 functions of B0 invokes a collision process of three 
ruthenium complexes, which sounds rather unlikely. However, the dipole in the 3MLCT 
state is large (14 Debye) [20] and one could imagine that the dipole influences the 
trajectories of other ruthenium-complexes, which are easily polarised. The most reasonable 
reaction scheme is probably a step-wise reaction. A disproportionation reaction was 
suggested for the triplet-triplet annihilation [19]: 
 
2 [RuIII(bpy)2(bpy)-]2+  →  {[RuII(bpy)2(bpy)-]+  +  [RuIII(bpy)3]3+ } 
 
We can imagine that the two intermediates stay in close contact, because the former has a 
dipole moment and the latter can be polarized. The joined complexes might form a 
metastable state, which needs the collision with a third ruthenium-complex to redistribute 
the charges and trigger the decay to the ground-state. The probability of a collision of the 
two connected intermediates with another ruthenium-complex is larger than for the 
collision of three independent species. A similar mechanism can be put forward for the 
ground-state quenching.  
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[RuIII(bpy)2(bpy)-]2+  +   [RuII(bpy)3]2+   →   {[RuII(bpy)3]2+ + [RuIII(bpy)2(bpy)-]2+} 
 
Creutz and co-workers [21] suggest that a disproportion following the encounter of 
[RuIII(bpy)2(bpy)-]2+ and [RuII(bpy)3]2+ is unlikely due to the negative values of the 
reduction potentials. More likely is an energy exchange mechanism as indicated by the 
inversion of the compounds on the right side of the above equation [21]. The “problem” 
with the exchange mechanism is that no net diminution in excited-state concentration and 
life-time can result. Therefore, the presence of a third ruthenium-complex may be 
necessary to unbalance the self-exchange mechanism and trigger the decay to the ground-
state. 
 
The solid lines in figure 6.14 show the fits as obtained by equation (6.10) and (6.11). The 
fits are in good agreement with the decay kinetics of the 1, 5 and 10 mM sample. However, 
a closer look (figure 6.15) at shorter decay times reveals a mismatch with the decay curve 
of the 80 mM sample.  
0 50 100
0.0
0.5
1.0  cluster effect
 monomers only
 measurement
 
 
no
rm
. a
m
pl
itu
de
time / ns
80 mM
 
Figure 6.15. Besides the triplet-triplet annihilation and the ground-state quenching we 
observe one more decay mechanism for the highly concentrated sample – probably a 
cluster effect.   
 
The fast 10 ns decay component cannot be represented by the fit function (dashed line in 
figure 6.15). What probably happens in the concentrated sample is the formation of small 
ruthenium-(trisbipyridine) clusters. The 80 mM solution is near the solubility limit of 
[Ru(bpy)3]Cl2 in water, thus, a certain percentage of excited-state species is present as free 
floating particles and another could be trapped in conglomerates. The free floating particles 
follow decay mechanisms as described earlier (equation (6.10) and (6.11)). The 
fluorescence signal of the excited-state species within clusters is probably quenched via a 
mechanism related to the ground-state quenching. The excitation yield of 8 % (obtained 
from optical pump-probe studies) suggests that not more than one particle, within a small 
conglomerate of less than 13, is in the excited state. If we assume that the small 
conglomerates are stable over the period of the photocycle, the mechanism of ground-state 
quenching is no longer diffusion dependent, which leads to a first order rate law for the 
decay of the excited-state particles C in clusters: 
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 ( ) Ckk
dt
dC ⋅+=− 41   (6.12) 
 
or its integrated form: 
 
 ,  (6.13) tkkeCtC ⋅+−⋅= )(0 41)(
 
where the rate constant k4 governs the quenching of the fluorescence of excited-state 
complexes within clusters, and C0 is the initial concentration of the excited-state species 
produced in clusters. Thus, the observed decay of the fluorescence signal S(t) can be 
described by 
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 Equation (6.15) fits well the fluorescence signals for all four concentrations (1, 5, 10 and 
80 mmol/l). The solid line in figure 6.15 is the fit of the 80 mM sample including the rate-
constant k4. The fit parameters are listed in table 6.5. 
 
Table 6.5.   Fit Parameters  
  1 mM 5 mM 10 mM 80 mM 
A0    [mol/l] 0.00085 0.0030 0.004 0.0049(3) 
C     [mol/l] 0 0 0 0.0023(3) 
k1     [s-1] 1.95(1) ·106 1.95 ·106 1.95 ·106 1.95 ·106
k2
c2
[l mol-1s-1] 
[l2 mol-2s-1] 
- 2.5 ·106
5(5) ·108
5 ·106
5(2) ·108
1.26 ·107 
1.57(5) ·108
k3
c3
[l mol-1s-1] 
[l2 mol-2s-1] 
- 3.1 ·108
6.2(6) ·1010
6.8 ·108
6.8(1) ·1010
4.00 ·109
5.05(3) ·1010
k4 [s-1] - - - 9.2(9) ·107
 
The excited-state concentration (f·cRu) is taken from the optical pump-probe measurements 
(figure 6.10) and is set as: A0+C = f·cRu . The fit of the lowest concentration yields k1 and it 
is kept constant for all other fits. The 5, 10 and 80 mM samples show the effect of the 
triplet-triplet annihilation and similar values for c3 are found. The ground-state quenching 
is a weaker effect and precise fit-parameters are obtained from the two highest 
concentrations only. The rate constant k4 is obtained from the measurement on the 80 mM 
sample. However, the measured decay is so fast that we run into problems with the 
temporal resolution of the detector. Later on (§7.5.4) we will use the time-resolved x-ray 
absorption data to obtain a more accurate value for k4. 
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At the beginning of this chapter (§6.2.2) I pointed out that the 10 mM sample could be 
fitted by a bi-exponential function, yet 3 decay constants were used according to equations 
(6.10). The 80 mM sample could in principle be fitted with a tri-exponential decay, yet 4 
decay constants appear in the suggested model, i.e. equation (6.12). The reason lies in the 
weak effect of ground-state quenching, which acts on a similar time-scale as the 
fluorescence decay constant k1. By slightly modifying k1 with concentration, one could, in 
principle, compensate k2. However, it does not make sense to vary k1 with concentration. In 
our model we keep k1 as a constant value and automatically we need another decay 
constant (k2) to describe the slightly faster decay at longer time-scales (hundreds of 
nanoseconds). This is why one more rate constant appears in the fits, which does not 
appear, when the curves are fitted with random decay constants. 
 
 
In summary, we find plausible explanations for the quenching mechanisms observed via 
the fluorescence signal. Ground-state quenching and triplet-triplet annihilation can be 
described by third order rate laws with the rate constants c2 = 3·108 l2 mol-2s-1 and c3 = 
6·1010 l2 mol-2s-1. Both quenching mechanisms probably involve step-wise reactions. First a 
short-lived dimmer with the excited-state species is formed, which relaxes to the ground-
state upon collision with a third particle. The fast decay component in the 80 mM sample 
can be described by a first order rate law with the rate constant k4 = 9·107 s-1. The effect is 
attributed to the decay of excited-state species within small clusters in the saturated 
solution. The decay mechanism within clusters is probably similar to the ground-state 
quenching, without being dependent on diffusion. In the following chapter, the x-ray data 
is integrated into the analysis of the decay mechanisms of the triplet-excited state. Also, the 
estimated excitation yields from the optical pump-probe experiments are compared to the 
ones in the x-ray absorption measurements, which includes the signal-to-noise calculations 
of § 5. The question, whether there is a “dark state” [RuIII(bpy)2(bpy)-]2+≠, is addressed and 
arguments based on the x-ray data are put forward.  
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7. Static and Time-Resolved X-Ray Absorption 
 Spectroscopy on Aqueous [Ru(bpy)3]2+
 
This chapter presents the measurements and analysis of the ruthenium L2 and L3 edge 
spectra of the ground-state species [RuII(bpy)3]2+ and the excited state [RuIII(bpy)2(bpy)-]2+. 
The latter has never been measured before and we hope to use it to obtain new insight into 
the electronic and molecular structure of this short-lived complex. A calculation of the L-
edge spectra (TT-multiplet software) supports this analysis and illustrates the influence of 
parameters such as the crystal field splitting and spin-orbit coupling on the shape of the 
spectrum. A study of the concentration dependence at a fixed time-delay demonstrates the 
sensitivity of the x-ray set-up and also allows a comparison of the experimental data with 
the signals predicted by our algorithm (see § 5). Time-delay scans monitor the decay 
dynamics of the excited-state complex to the ground state. The high laser pump intensities 
and large sample concentrations used in this experiment focus on the study of quenching 
mechanisms (as introduced in § 6.2). The comparison of optical (§ 6) and x-ray 
measurements can give a more global understanding of the kinetics. In this context, the 
existence of a postulated “dark state” [1] is discussed. 
 
 
7.1 Static X- Ray Absorption Spectrum of Aqueous 80mM [Ru(bpy)3]2+
Since we did not work with an I0 detector (see § 3), we cannot directly obtain a static 
absorption spectrum from the transmission data. However, it is possible to use the product 
of the current in the camshaft pulse and the spectral distribution of flux at the beamline to 
normalize the transmission signal. For a given camshaft current, the flux at 3000 eV is 
measured to be 20% higher than at 2800 eV (see appendix B). Thus, the camshaft current 
is multiplied by a linear function {0.00085 * E/eV -1.38}. Figure 7.1 illustrates this 
treatment of the raw data.  
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Figure 7.1 Signal treatment of the raw data for obtaining the ground-state absorption 
signal of aqueous [Ru(bpy)3]2+. 
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One can see that the signal of the ring-current is quite noisy (dots). Therefore, a smoothed 
data set (solid line) of the ring current is used for the calculation of the absorption in order 
to minimize the additional noise. The abrupt slope changes in the ring-current are due to a 
change in energy step-size. More time is spent to measure in small energy steps the region 
around the L3 and L2 edges. Thirteen transmission spectra on aqueous 80 mM [Ru(bpy)3]2+ 
solutions were separately treated following the above procedure and then weighted 
according to the square of their signal-to-noise ratios.† The signal is defined as the intensity 
of the absorption peak at 2840 eV (B) and the noise is the standard distribution of the data-
points after subtraction of a (5-point) smoothed spectrum from the original data-set. Figure 
7.2 shows the average of the thirteen weighted spectra (dashed line). 
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Figure 7.2. Static absorption spectrum of 80 mM [Ru(bpy)3]Cl2. The dashed line 
represents the spectrum obtained by normalization to the camshaft current and the spectral 
distribution of the flux plus an offset. The thick solid line is a calculation of the absorption 
from atomic scattering factors. The thin solid line is a background corrected spectrum set 
to match the calculated data. 
 
 
There are three distinct features in the spectrum: at 2825 eV the chlorine K edge, at 
2840 eV the ruthenium L3 and at 2970 eV the ruthenium L2-edge. Comparing the 
measurement to calculated absorption edges from atomic scattering factors (thick solid line 
in figure 7.2) there are two striking points: The measured intensities of the absorption 
edges corresponds to a jet-thickness of 0.07 mm instead of 0.1 mm as assumed so far (the 
jet nozzle has an opening of 0.1 mm, but the thickness of the liquid jet can be smaller). 
Furthermore, the slope of the background of the measured spectrum does not match the 
calculated absorption, indicating another contribution to the Io value which has not yet 
been accounted for. However, the deviation is small and the background is corrected to 
match the calculated spectrum. The result (thin solid line) is displayed in figure 7.2. The 
chloride ions are the counter ions in the aqueous [Ru(bpy)3]2+ solution. The x-ray 
absorption of the chloride ion is not affected by the laser excitation and, thus, does not 
appear in the pump-probe spectrum. However, the analysis of the static spectrum is 
                                                 
† The signal-to-noise-ratio scales with the square-root of incoming photons. 
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complicated by the proximity of the chlorine K edge (at 2822 eV) to the ruthenium 
L3 edge. The chlorine K edge contribution can be subtracted by using literature data on 
chloride ions in aqueous solution (see figure 7.3) [2]. The literature data extends to 
2847 eV; beyond this photon energy the spectrum is extrapolated with an exponential 
function approaching the chlorine absorption as calculated from atomic scattering factors. 
Figure 7.4a shows the absorption spectrum of [Ru(bpy)3]2+ after subtraction of the 
chloride, bipyridine and water backgrounds and the pre-edge absorption of ruthenium. In 
the L3 pre-edge region there is a small residue (thin line), arising from differences in shape 
between the literature chlorine K edge spectrum and our measurement. Probably different 
spectral resolutions and/or background treatments are responsible. The region 20 eV below 
the ruthenium L3 edge is of little interest and therefore the residue is ignored and the 
spectrum smoothly extended across it (thick line). 
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Figure 7.3. Contribution of the chloride counter ion to the x-ray absorption spectrum. 
 
 
 
7.2 X-Ray Absorption Spectrum of Aqueous 3[RuIII(bpy)2(bpy)-]2+
Figure 7.4b shows the averaged pump-probe signal of 23 individual measurements at a 
pump-probe delay of 50 ps. Again, before averaging, the spectra were weighted according 
to their signal-to-noise ratios. The signal is defined as the difference signal at 2840 eV and 
the noise is the standard distribution of the data-points after subtraction of a (5-point) 
smoothed spectrum from the original data-set. The error-bars in figure 7.5 were calculated 
according to equation (5.2) with unexcitedI∆  and excitedI∆  being the measured standard-errors 
on a shot-to-shot basis for  and , respectively. For clarity the error-bars are 
plotted in intervals of 2 eV only. Negative signals correspond to a bleach and positive 
signals to an additional absorption. We can see that at the energy position of the B
unexcitedI excitedI
1 feature 
in the ground-state spectrum (figure 7.4a) there is a bleach on the lower energy side and an 
additional absorption on the higher energy side in the transient spectrum, suggesting that 
the B1 feature shifts to higher energy in the excited state. The same observation applies to 
the features labeled C1, D1, B2 and C2. 
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Figure 7.4. a) Absorption spectrum of aqueous [Ru(bpy)3]2+ subtraction of the chloride, 
bipyridine and water backgrounds and the pre-edge absorption of ruthenium b) Pump-
probe signal at a time-delay of 50 ps. Average of 23 spectra. c) Absorption spectrum of 
aqueous [RuIII(bpy)2(bpy)-]2+ at a pump-probe delay of 50 ps. 
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At 2837 eV (slightly below the B1 feature at the L3 edge) and to a lesser extent at 2966 eV 
(slightly below the B2 feature at the L2 edge) are additional absorptions which cannot be 
explained by the energy-shifts of the B1 and B2 features. These are new transitions in the 
excited-state compound. Interestingly, the signal at the L3 edge resembles the difference 
between the spectra of [RuII(bpy)2]2+ and [RuIII(NH3)6]3+ shown in figure 5.1. No pump-
probe signal is observed in the near-edge region of the Cl K-edge, suggesting that the 
chloride ions do not participate in the photo-triggered reaction. The pump-probe data 
displayed in figure 7.4b shows a constant offset over the entire spectrum. The origin of this 
offset, which is treated as an artifact, will be discussed in more detail in § 7.4. The offset 
was eliminated for further treatment of the data. 
 
The pump-probe spectrum ( ) is the difference between the unknown excited-state 
spectrum (Aex) and the ground-state spectrum (Agr) as displayed in figure 7.4a multiplied 
by the excitation yield f : 
 ( )grex AAf −⋅=∆       (7.1)   
 
Thus, the excited-state spectrum can be constructed as 
 
  grex Af
A +∆= .       (7.2) 
 
To estimate the value of f, we consider two factors: 
a) The optical pump-probe measurements predict an excitation yield of 8 % (§ 6.4.1) for a 
80 mM solution assuming a jet-tickness of 0.1 mm. The x-ray measurements indicate a 
smaller jet-thickness of 0.07 mm. Thus, the calculated values for the excitation yield in the 
optical pump-probe data may be larger by a factor of 1.4.  Because of the large uncertainty 
of the optical pump-probe data due to the high optical absorption of the sample (total 
absorption over a large range of wavelength), this value of 8 % should be seen as a first 
approximation.  
b) The ground state is Ru(II) and the excited state Ru(III), corresponding to initial state 
configurations of 4d6 and 4d5, respectively (in the ionic approximation). The initial state 
rule dictates that the integrated intensity is given by the empty 4d states. This implies that 
the integrated edge intensity of the excited state must be 5/4 times that of the ground state. 
Using equation (7.2) we obtain f = 9 %. 
 
We used (b) to generate the excited-state spectrum shown in figure 7.4c. 
Using the labels in figure 7.4a and 7.4c, we see the following shifts 
 
L3-edge: B1 → B1’  L2-edge: B2 → B2’ 
 C1 → C1’   C2 → C2’ 
 D1 → D1’    
 
and the new absorption features A1’ and A2’. 
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7.3 Concentration Dependent Energy Scans 
Figure 7.5 shows a series of energy scans for sample concentrations ranging from 1 mmol/l 
to 80 mmol/l. The pump-probe signal is measurable down to the most dilute 
concentrations. The excitation yield increases from 9 % to 60 % with decreasing 
concentration. As a consequence the total number of excited-state species is highest in the 
80 mM sample, which shows the largest pump-probe signal. 
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Figure 7.5. Pump-probe signal (5-point smoothed spectra) as a function of sample 
concentration (units in mmol/l). Even a concentration as low as 1 mM yields a detectable 
signal. 
 
 
 
7.4 Time-Scans 
In principle we can scan the time-delay between the optical pump and the x-ray probe 
pulses up to one millisecond. After a millisecond the next 1 kHz laser pulse will hit the 
sample and start the photo reaction all over again. However, practically we lose the spatial 
overlap much earlier due to the 5 m/s motion of the liquid jet. Assuming a pump-probe 
spot-size of 250 µm in diameter, the laser-excited species move out of the overlap region 
within 50 µs. Our time-scans are carried out at a maximum delay of 1 µs, in which the 
sample molecules move by not more than 5 µm. This is a negligible loss in spatial overlap. 
The first question concerning time-scans is whether the excited-state species at early time-
delays is the same as at later time-delays. Figure 7.7 compares the pump-probe spectrum at 
a time-delay of 50 ps to the one at 70 ns. The latter was measured by integrating 100 ns of 
the multibunch signal following the camshaft pulse (figure 7.6). The multibunch pump-
probe signal rides on a constant off-set of 1.7 mOD, which is believed to be an artifact of 
the data acquisition (§ 7.4.2). The multibunch signal in figure 7.7 was background 
corrected and multiplied by 4.4 to match the amplitude of the 50 ps data. The scaling factor 
compensates for the decrease in concentration of the excited-state species at longer time-
delays. All features of the camshaft pump-probe signal are also present in the multibunch 
spectrum. Looking more closely at the L3 and L2 edges (figure 7.8), we see no significant 
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differences in the peak intensities. We conclude that the excited-state species at 50 ps and 
70 ns time-delay are the same. 
 
gate 1 gate 2
camshaft multibunch
 
Figure 7.6. Two boxcar integrators pick up the x-ray transmission signals after laser 
excitation of the sample. The first boxcar gates out the signal from the camshaft pulse 
(50 ps time-delay), while the second boxcar integrates over 100 ns of the multibunch (70 ns 
time-delay), which comes 20 ns after the camshaft pulse. 
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Figure 7.7. Pump-probe signal after a time delay 50 ps (dots) and 70 ns (line), the latter 
was baseline corrected and scaled in amplitude to match the 50 ps data. 
 
 
 
7.4.1 Cross-Correlation 
Figure 7.9 shows a 400 ps long time-scan on 80 mM [Ru(bpy)3]2+. The monochromator 
was set to a photon-energy of 2840.0 eV, corresponding to the maximum bleach in the 
pump-probe spectrum (from the shift of the B1 feature). A constant offset of 10 mOD 
(discussed in the following section) is subtracted. We can observe a signal onset within 
less than 100 ps:  a cross-correlation between laser and x-ray pulses, the width governed by 
the much longer x-ray pulse. 
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Figure 7.8. Expanded scale of the L3- and L2-edges for the comparison of camshaft (dots), 
recorded at a time-delay of 50 ps, and multibunch (solid line) pump-probe signal, recorded 
at 70 ns. The multibunch signal is plotted together with the error bars. 
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Figure 7.9. Time-scan on 80 mM [Ru(bpy)3]2+ at 2840 eV photon-energy. 
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7.4.2 The Offset Problem 
Almost all our pump-probe spectra show an offset that is independent of x-ray probe 
energy. A time-scan, shown in figure 7.10, reveals that the offset is in fact a function of 
pump-probe delay. Two comparative measurements were made. The dots represent a 
typical pump-probe time-scan using the camshaft signal (80 mM sample). One can clearly 
see the onset of the pump signal at zero time-delay and its fast decay. The second 
measurement was made under exactly the same conditions – only that the x-ray shutter was 
closed. There is an oscillatory interference signal (ca. 1.5 MHz) which is picked up by the 
electronics (detector, pre-amplifier, boxcar, cables, etc.). The measurement of the time-
delay dependent background is reproducible in consecutive measurements and believed to 
be inherent to our set-up. Considering the high frequency and its dependence on the laser 
timing it could be due to an interference signal from the Pockel’s cells of the laser 
amplifier. Strong electric fields are emitted when the cells are switched within 
nanoseconds to trap and release laser pulses in the cavity of the regenerative amplifier. 
Another possibility is an interference signal from the synchrotron storage ring itself. The 
frequency of the observed noise is comparable to the ring-frequency and the superimposed 
higher frequency noise is similar to the periodic intensity variation observed within a 
multibunch (figure 3.4). To avoid the problem of the offset we correct the energy scans by 
a constant value and the time-delay scans by measuring a “dark” (no x-rays) spectrum for 
comparison. 
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Figure 7.10. Time-delay dependent offset on pump-probe signal. 
 
 
 
7.4.3 Pump Intensity Dependence of Time-Delay Scans 
Figure 7.11 shows two time-delay scans on a 80 mM [Ru(bpy)3]2+ solution at a probe 
photon energy of 2840 eV. The laser pump fluence changes from 0.13 J/cm2 to 1.61 J/cm2 
between the two measurements. Although the pump fluence differs by an order of 
magnitude, we observe an increase of only a factor of 2 in the signal amplitude. 
Multiphoton excitation of the solvent and the sample are probably responsible for the 
saturation of the Ru(III) probe signal (§ 6). The decay-time for both signals is the same 
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(8 ns), implying the decay time observed in this short time-window is independent of the 
concentration of the excited-state species.  
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Figure 7.11. Intensity dependence of the pump-probe signal of a 80 mM [Ru(bpy)3]2+ 
solution at probe photon energy of 2840 eV. 
 
 
 
7.4.4 Concentration Dependence of Time-Delay Scans 
The decay of the x-ray probe signal is recorded in coarse time-steps of 12 ns for two 
concentrations, 10 mmol/l and 80 mmol/l. The data sets are displayed in figure 7.12.  
0 200 400 600 800
0.0
0.5
1.0
10 mM
80 mM  
 
am
pl
itu
de
 / 
a.
u.
time-delay / ns
 fluorescence
 x-ray probe
 
 
Figure 7.12. Comparison of fluorescence and x-ray probe data on an aqueous 
[Ru(bpy)3]2+ sample. 
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The trace of the 10 mM sample was recorded at a probe photon energy of 2842.2 eV and 
the 80 mM sample at 2840 eV. From the comparison of the multibunch signal and the 
camshaft signal in figure 7.7 we know that the temporal evolution of the transient spectrum 
is proportional for all photon-energies. Thus, we can normalize these two time-scans 
recorded at different photon energies and compare their decay times. The strong 
dependence of the decay time on the concentration is striking. Its behavior is similar to the 
fluorescence traces presented in § 6.2. For comparison the fluorescence traces are overlaid 
with the x-ray signal in figure 7.12.  The x-ray probe measurement is repeated in finer 
steps for the 80 mM sample. In figure 7.13 we see three time-scans with different step-
sizes (0.02 ns, 0.5 ns and 12 ns) overlaid in the same picture. The inset in figure 7.13 
shows nicely the shortest decay-component in the signal. 
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Figure 7.13. X-ray probe signal on 80 mM [Ru(bpy)3]2+. Data sets with different scan 
steps were combined to illustrate the temporal evolution of the signal on the different time-
scales. The thick solid line is a fit based on equation (6.12). 
 
 
 
7.5 Discussion 
This section begins with the decomposition of the ground-state and excited-state energy 
spectra into their components and assignment of the different peaks. In a second step a 
calculation supports the analysis of the near-edge features. The measured pump-probe 
signals are then compared to the calculation of § 5, where the feasibility of the experiment 
was estimated. The last point focuses on the discussion of the kinetics of the photocyle of 
[Ru(bpy)3]2+.  
 
 
7.5.1 Peak Fits and Assignments 
Figure 7.14 shows close-up views on the L2 and L3 edges of the ground-state and excited-
state spectra. The main features in the ground-state and excited-state spectra are fitted to 
obtain accurate values for peak widths and positions. The fit functions are for the edge: 
 88 
  2
2arctan edge
edge
edgeedge a
w
cxa +⎟⎟⎠
⎞
⎜⎜⎝
⎛ −⋅⋅π       (7.3) 
and for the peaks: 
( )
( ) ( ) ⎟⎟
⎟
⎠
⎞
⎜⎜
⎜
⎝
⎛
⋅−+⋅+−
⋅⋅⋅ ⎟
⎟
⎠
⎞
⎜⎜⎝
⎛ −⋅⋅−
2
2
1
22
2
)1(
5.0
5.0
peak
peak
w
cx
m
peakpeak
peak
peak ewcx
w
a ηη
.    (7.4) 
 
The absorption edge is described by an arctan function, the convolution of a square step 
with a Lorentzian function. The lifetime of the core hole determines , the full width at 
half maximum (FWHM) of the Lorentzian. The variables a
edgew
edge and apeak describe 
amplitudes and cedge and cpeak the corresponding energy positions of the features. A pseudo-
Voigt function [3] describes the absorption peaks, taking into account the Gaussian 
broadening due to instrumental resolution and the Lorentzian broadening due to the short 
core hole lifetime. The parameter η  gives the ratio between Gaussian and Lorentzian 
contribution,  is the FWHM of the pseudo-Voigt function and peakw 4ln2 ⋅=m . The fits 
are shown in figure 7.14, along with the residual below each feature. The L2 edge ground-
state spectrum shows a somewhat larger residual before the B2 peak. This problem is 
linked to the normalization with I0, which is not a measured value but was derived from the 
camshaft current (see figure 7.1). However, the differences are small and do not hamper 
the analysis. 
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Figure 7.14. Ground-state and excited-state L2 and L3 edge spectra together fit their main 
fit components. 
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Table 7.1.      Peak Positions and Widths  (all units in eV) 
 Agr Aex  
  position width  position width shift 
L3 edge 
 
B1
C1
D1
2843.1 (1) 
 
2840.5 (0) 
2850.3 (1) 
2882.2 (1) 
  1.6 (3) 
 
  2.7 (0) 
  3.3 (1) 
13.9 (3) 
edge 
A1’ 
B1’ 
C1’ 
D1’ 
2844.6 (2) 
2837.4 (1) 
2841.5 (0) 
2852.1 (2) 
2883.9 (4) 
  1.6  
  2.3 (1) 
  3.0 (0) 
  3.9 (3) 
14    (2) 
1.5 (2) 
 
1.0 (0) 
1.8 (2) 
1.7 (2.0) 
L2 edge 
 
B2
C2
2969.8 (5) 
 
2968.8 (0) 
2979.0 (2) 
  1.6  
 
  2.7 (0) 
  3.6 (3) 
edge 
A2’ 
B2’ 
C2’ 
2971.2 (3.6) 
2966.2 (5) 
2969.9 (3) 
2980.8 (3) 
  1.6 
  2.2 (3) 
  2.8 (1) 
  3.7 (5) 
1.4 (3.6) 
 
1.1 (1) 
1.8 (4) 
 
Table 7.1 summarizes the peak-positions and widths. The width of the edge is fitted for the 
ground-state L3 edge spectrum and is kept constant for the other 3 fits. The fitted width of 
the edge is smaller than the value of 2.3 eV reported by Krause and Oliver [4], but it is in 
agreement with results of the “TT-Multiplet” calculations presented in the following 
chapter. The L3 edge of the ground-state (Agr-L3) shows three distinct features: the 
absorption edge and two peaks, B1 and C1. The B1 feature is a transition of a 2p3/2 core-
electron into the empty 4d (eg) orbital (see figure 7.15).  
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Figure 7.15. Electron transitions between 2p and 4d orbitals. 
 
 
The same transition (B1’) is observed in the excited-state spectrum (Aex-L3) at slightly 
higher photon energies. The valence shift between B1 and B1’ is expected, since ruthenium 
changes its oxidation state in the excited state from +2 to +3. In the excited state an 
additional feature (A1’) appears below the B1’ peak.  This is a transition from the 2p3/2 to 
the 4d (t2g) orbital accessible only in the excited state, because the laser removes one 
electron from the formerly completely filled t2g orbitals. These t2g orbitals are the highest 
occupied molecular orbitals (HOMO). Rensmo et al. calculated the energy level of the 
HOMO to be between  eV and 6.12− 0.13−  eV [5] for the ground-state of [Ru(bpy)3]2+, 
which means we expect to observe the ionization edge about 12 eV above the transition to 
the t2g orbitals. Because the t2g orbitals are filled in the ground state, this comparison is 
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only possible for the excited-state compound, where we measure a difference between the 
energy positions of A1’ and the L3 edge of 2.02.7 ± eV and between A2’ and the L2 edge 
 eV. The calculated values of the Ru(II) compound cannot be directly projected 
onto the measured values of the Ru(III) compound, but it is clear that the difference 
between fit and literature values is significant. If the ionization threshold was truly 12-
13 eV higher in energy than the A features, there would be a large mismatch between the 
fit and the measured spectrum. New absorption features would have to be added to the 
spectrum in order to account for the measured absorption intensity between the B and C 
features. Contribution of the bipyridine ligand orbitals to the absorption in this energy 
region can be excluded. We see from the orbital scheme in figure 7.15 that the π* orbitals 
lie below even the B feature. A comparison with the similar L
6.30.5 ±
3 edge spectra of 
[Ru(NH3)6]3+ and [RuCl6]3- [6] leads to the conclusion that probably an atomic transition 
within the ruthenium is at the origin of the absorption intensity right above the B feature. 
Transitions into higher lying Rydberg states with d-character are possible and could 
resemble an edge shifted to lower energies. The C1, C1’, D1 and D1’ absorptions (shown in 
figure 7.4) lie above the ionization threshold and show a larger energy shift upon photo-
excitation than the corresponding A and B features. The C features are probably due to 
multiple scattering processes since they lie near the ionization threshold. The D features 
are likely to originate from single scattering events, as they lie about 40 eV above the 
ioniziation threshold. The L2 edge spectra of the ground and excited state (Agr-L2 and Aex-
L2 in figure 7.5) show features similar to the corresponding L3 edge spectra. B2 and B2’ 
correspond to transitions from 2p1/2 to 4d (eg).  The shape resonances C2 and C2’ are also 
present. The appearance of the A2’ peak in Aex-L2 is an interesting observation. Compared 
to the related A1’ peak in the L3 edge spectrum, its intensity is reduced and it looks more 
like a shoulder of the B1’ peak. Other works on Ru3+ compounds in octahedral symmetry 
do not observe the A2’ peak at all [7]. It is therefore necessary to consider symmetry 
aspects of a trigonal distorted crystal field and the influence of the 4d spin-orbit coupling 
to understand the observed transitions. In an octahedral geometry (e.g. [Ru(NH3)6]3+) the d 
orbitals are split into eg and t2g orbitals as illustrated in figure 7.16.  
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Figure 7.16. Dipole allowed 2p-4d transitions in Oh and D3 symmetry. 
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Including the 4d spin-orbit coupling the t2g orbitals transform into e2+g and the eg orbital 
into g. The ground-state of the Ru(III) compound is low-spin 4d5 with a vacancy in the 
d(e2) orbital. An x-ray photon can excite an electron from a 2p orbital into the vacant d(e2) 
orbital. The 2p orbitals have t1u symmetry in an octahedral symmetry. The 2p spin orbit 
coupling splits the t1u orbitals into e1 and g orbitals, where e1 corresponds to a transition 
from the L2 edge and g from the L3 edge. A dipole transition is possible from 2p(g) to 
2p(e2) but not for 2p(e1), which is why no A2’ absorption peak is observed in the 
[Ru(NH3)6]3+ compound. The splitting of the 4d orbitals in D3 symmetry has been 
discussed before (§ 4). The 2p orbitals transform to a2+e in D3 symmetry. The 2p spin orbit 
coupling constant is large (ca. 85 eV) compared to the crystal field effect and dominates 
the energy level splitting of the orbitals, which transform as a2 to e2’ and e to e1’+e2’. 
2p(e2’) corresponds to a transition from the L2 edge and 2p(e1’+e2’) from the L3 edge. 
From table 4.3 we know that transitions between e1’ and e2’, and e2’ and e2’ are dipole 
allowed and between e1’ and e1’ forbidden. Figure 7.16 shows that transitions from both 
edges are possible into the singly occupied 4d(a1) orbital, which has e2’ symmetry in the 
double space group. A quantitative analysis of the shape of the L3 and L2 edge spectra of 
[RuII(bpy)3]2+ and [RuIII(bpy)2(bpy)-]2+ is presented in the following subsection. 
 
 
7.5.2 Multiplet Calculations 
For a better understanding and a quantitative analysis of the XANES features which we 
observe at the ruthenium L2 and L3 edges we use the “TT-Multiplet” software, which is a 
set of computer programs designed to calculate core level spectra of correlated systems. 
The theoretical basis of the calculation is given in § 2. The simulated line shapes in figure 
7.17 show the 2p64d6-2p54d7calculated transitions for the ground-state complex and 
2p64d5-2p54d6 for the excited-state compound. 
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Figure 7.17. Comparison of “TT-Multiplet” calculations (line) with the experimental data 
(dots). The transition intensities of the different states are indicated by the sticks below the 
spectra. 
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In order to obtain these spectra an ab initio calculation of the atomic eigenstates was 
carried out, including a reduction of the Slater integrals to 80 % to compensate for the 
systematic error made by the Hatree-Fock calculation. In a second step, the parameters of 
the applied crystal field were chosen. The trigonal distortion is reported to be 0.25 eV [8] 
for the [Ru(bpy)3]2+ complex and the octahedral field strength is assumed to be similar to 
the crystal field splitting of 3.97 eV in the octahedral complex [Ru(NH3)6]3+. Futhermore 
the line shapes were broadened by a Gaussian of 1.2 eV FWHM, taking into account the 
monochromator resolution (appendix C), and a Lorentzian of 2.3 eV FWHM, 
corresponding to the lifetime broadening as reported in [4]. Then the parameters of the 
crystal field and the line shape broadening were fine-tuned in order to create the best fit to 
the measured spectrum. Also, the 2p spin-orbit coupling constant was reduced by 2 eV in 
order to match the L3/L2 edge separation in the experimental data. The intensity of the 
calculated L2 edge was scaled to the measurement, and the L3 edge was multiplied by the 
same scaling factor, thus preserving the intensity ratio between the L3 and L2 edges from 
the calculation. The input parameters of the best fit (figure 7.17) are listed in table 7.2. 
 
Table 7.2.          TT-Multiplet Input Parameters. 
octahedral crystal field 4.3 eV 
trigonal distortion -0.37 eV 
*
eeH scaling factor 80 % 
2p spin-orbit coupling constant:   2p54d7 
2p54d6
85.720 eV    (87.738 eV)* 
85.780 eV    (87.738 eV)* 
4d spin-orbit coupling constant:   2p64d6 
2p54d7
2p64d5
2p54d6
(0.131 eV)* 
(0.157 eV)* 
(0.146 eV)* 
(0.173 eV)* 
core-hole lifetime broadening (Lorentzian) 1.7 eV (FWHM) 
experimental resolution (Gaussian) 1.2 eV (FWHM) 
* as calculated by the TT-Multiplet Software 
 
The calculated spectra with the input parameters from table 7.2 reproduce nicely the 
measurement. The calculated intensity of the L3 edge is slightly overestimated, a fact 
apparent in the spectra (Agr-L3 and Agr-L2) of the ground-state compound. The L3 to L2 
ratio is 2.95:1 in the measurement and 2.75:1 in the calculation.  
 
In order to evaluate the contributions of initial state occupation, trigonal distortion and 4d 
spin-orbit coupling in the Ru(III) complex, calculations with modified parameters were 
carried out. Figure 7.18 (1a and 1b) shows the calculated x-ray absorption spectra of the 
MLCT state with three different initial states: A vacancy in the 4d(a1/e2’), 4d(e/e2’) or 
4d(e/e1’) orbitals. These three states correspond to orbital vacancies that may be created by 
laser excitation. The 2p transitions into the 4d(e/e2’) and 4d(e/e1’) orbitals yield lower 
absorption intensities at the L3 edge and higher intensities at the L2 edge compared to the 
measurements. The transition into 4d(a1/e2’) fits best with the measurement. So, we 
conclude that the MLCT complex has the electron configuration 4d5(= e4a11) in solution 
50 ps after laser excitation. It is still possible, as indicated in [9] that the laser excites one 
of the 4d(e) electrons and creates a very short-lived (< 50 ps) excited-state of the MLCT 
complex. Figure 7.18 (2a and 2b) shows the influence of the trigonal distortion on the 
shape of the L3 and L2 edge spectra. With a trigonal distortion of -0.37 eV the 
measurement is nicely reproduced. When the trigonal distortion is switched off (which is 
 
 
937.                                                X-ray Absorption Spectroscopy
equivalent to an octahedral ligand field) the intensity of the L3 edge is slightly increased. A 
much more striking effect can be observed at the L2 edge, where the 2p-3d(t2g) transition is 
completely quenched without the trigonal distortion. This comparison gives strong 
evidence that the MLCT state does not have pure Oh symmetry, but is probably trigonally 
distorted. Figure 7.18 (3a and 3b) compares the calculated spectra under the influence of 
the 4d spin orbit coupling. The 4d spin orbit coupling influences the intensity ratio between 
the L3 and L2 edges. The ratio is 2.75:1 with spin-orbit coupling and 2:1 without. 
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Figure 7.18. Multiplet calculations of the spectrum of the MLCT complex with modified 
input parameters a) different initial states of the MLCT compound, b) influence of the 
trigonal distortion, c) influence of the 4d spin orbit coupling. 
 
 
In summary, the calculation confirms that the MLCT complex can be described by a 
trigonally distorted octahedral symmetry. The octahedral crystal field splitting is dominant 
and its value of 4.3 eV is comparable to 3.93 eV of the similar octahedral [Ru(NH3)6]3+ 
compound [7]. The trigonal distortion is small ( 37.0−  eV) but makes a significant impact 
on the shape of the L2 spectrum. Although in principle the crystal field splitting depends 
strongly on the bond length, we cannot make a conclusion on the change in bond length 
between the ground and excited states since the splitting is measurable only in the excited 
state. Thus, although we can describe the excited state with D3 symmetry, we cannot at 
present conclude anything about possible changes in the distance between the central atom 
and the ligands. In the literature C2 symmetry of the excited state is discussed in 
connection with the localization of the photoexcited electron on one of the bipyridine 
ligands [10]. The fact that we find D3 symmetry for the MLCT state does not contradict 
this localization hypothesis. One explanation could be that such a localization does not 
cause any significant molecular rearrangements away from D3 symmetry, leaving the 
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trigonal distorted ligand field unaltered. Another explanation could be that the allowed 
photo-excited 2p-4d transitions in C2 are similar to those in D3, which would make both 
geometries difficult to distinguish by their x-ray absorption spectra. 
 
The intensity of the 2p-5s transition was also calculated with the TT-Multiplet software 
and found to be about 2 orders of magnitude weaker than those of the 2p-4d transitions, 
contradicting the assumption made in literature that the C-features in the absorption spectra 
can be assigned to 2p-5s transitions [7]. Also, the energy positions of the C-features lie 
above the continuum step, implying that they are not the result of bound-bound transitions. 
 
 
7.5.3 Concentration Dependent Energy Scans 
We detected a pump-probe signal at concentrations as low as 1 mmol/l. This is itself an 
interesting result as many potential samples for time-resolved studies have a very low 
solubility. This is particularly true for biological samples, which rarely reach 
concentrations above 5 mmol/l in solution. However, one has to keep in mind that the 
pump-probe signal scales as  
 
   ( )elementelementcfsignal σσ −⋅⋅∝ *     (see § 5) 
 
so that without an accordingly large change in the absorption cross-section (σ ) and an 
efficient excitation process the detection limit will lie at higher concentrations. 
 
Figure 7.19 compares the measured pump-probe signal amplitudes from figure 7.5 with 
two calculations based on the algorithm introduced in § 5. The first calculation uses the 
literature Ru L3 edge spectra of ground-state [Ru(bpy)3]2+ and [Ru(NH3)6]3+, in order to 
determine  and  as input parameters (table 5.2). These values were used 
before in § 5 for estimating the feasibility of the experiment. Now that we measured the 
actual spectra of [Ru(bpy)
elementσ *elementσ
3]2+ and [Ru(bpy)2(bpy)-]2+, we can repeat the calculation with 
more accurate input parameters for  and . The absorption cross-sections are 
obtained from figures 7.4a and 7.4c and the equation: 
elementσ *elementσ
 
   218 mm108.710ln)eV2840( −⋅+⋅
⋅=
cd
Aσ ,   (7.5) 
 
with sample thickness d = 0.07 mm and concentration  particles/mm1710022.608.0 ⋅⋅=c 3. 
A(2840eV) is the measured absorption at a photon energy of 2840 eV. An offset of 7.8·10-
18 mm2 is added, corresponding to the pre-edge absorption of ruthenium which was 
subtracted in the spectra in figures 7.4a and 7.4c. The input parameters for the second 
calculation are therefore mm1610468.1 −⋅=elementσ 2 and  mm17* 1036.8 −⋅=elementσ 2. The 
difference in absorption cross-section of  mm171032.6 −⋅ 2 is larger by a factor of 3 than the 
parameters estimated from the literature. One reason for this is that we use the actual 
spectrum of [Ru(bpy)2(bpy)-]2+ instead of [Ru(NH3)6]3+ in the calculation. Another, more 
significant factor is the difference in energy resolution of the compared spectra. The B-
feature of [Ru(bpy)3]2+ in figure 5.1 has a width of 4.0 eV (FWHM), while we measure 
2.7 eV (FWHM) for the same transition. Thus, the measured spectra show sharper features 
and are consequently more sensitive to changes in the absorption cross-section. 
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Figure 7.19. Measured pump-probe amplitudes at 2840 eV (dots) compared to calculated 
values: input parameters from tables 5.1 and  5.2 (open circles), input parameters from 
table 5.1 and measured x-ray spectra (triangles).  
 
 
The calculation based on the literature values of the x-ray absorption cross-sections 
underestimates the pump-probe signal by a factor of 3, which is a reasonable error 
considering the difficulty of obtaining the input parameters for   and especially 
, which was unknown. The fact that the calculation underestimated the pump-probe 
signal lead to an overestimation of the integration time by the same factor. The second 
calculation, based on measured absorption cross-sections, describes well the experiment at 
lower sample concentrations. Above 40 mmol/l the calculated values are too low. The 
discrepancy can be attributed to the excitation yield, which was difficult to obtain as an 
input parameter from optical pump-probe measurements due to the opaqueness of the 
sample (§6.1). Concerning the signal-to-noise ratio we compare measurement and 
calculation for the 10 mmol/l sample (figure 7.5). The signal is -5.4 mOD, the 
noise 1.6 mOD, which makes a signal-to-noise ratio of 3.4. The number of transmitted x-
ray photons is calculated from the noise (equation 5.2) to be 1.8·10
elementσ
*
elementσ
5. The transmission of 
the sample at 2840 eV is 18 %, which means that I0 is 1.0·106 photons. The algorithm 
(appendix D) with the jet thickness d = 0.07 mm and the experimental cross-sections for 
Ru(II) and Ru(III) calculates 8.4·105 photons for the same signal-to-noise ratio. Experiment 
and calculation are very close. The small discrepancy can be due to a lower excitation yield 
in the x-ray experiment which reduces the amplitude of the signal, and therefore more x-
ray photons are needed in order to obtain the same signal-to-noise ratio as in the 
calculation. Also, fluctuations of the jet-thickness (equation 5.8) can influence the 
experimental result. We conclude that the algorithm, which we developed and presented in 
§ 5, predicts well the signal-to-noise ratios for this experiment. Therefore, we are confident 
that pump-probe signals for other sample systems can also be predicted by this algorithm, 
allowing us to explore the feasibility of new time-resolved x-ray absorption measurements 
and their optimization.  
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7.5.4 Time-Scans 
Figure 7.9 shows a 400 ps long time-scan on 80 mM [Ru(bpy)3]2+, which shows nicely the 
onset of the pump-probe signal. From optical measurements [11] we know that the 
formation of Ru(III) is governed by the femtosecond laser pulse width, thus the broadening 
of the measured onset of the signal is due to the x-ray pulse width and possible 
synchronization jitter. Equation (7.6) fits the onset of the pump-probe signal in figure 7.9. 
 
  ⎟⎟⎠
⎞⎜⎜⎝
⎛ +⎟⎠
⎞⎜⎝
⎛
⋅−⋅
−⋅⎟⎟⎠
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⎛ −−⎟⎠
⎞⎜⎝
⎛
⋅⋅ 122exp2 tm
cm
c
dxerf
t
dx
tm
cA   (7.6) 
 
A is the amplitude of the pump-probe signal, t its decay time, c the FWHM of the cross 
correlation time, m a scaling factor (1.66511) and d an offset on the x-axis. The scan yields 
a cross correlation time of 74 ± 6 ps, which includes the x-ray pulse width and the 
synchronization jitter. The error bars represent the sum of all noise-sources including the 
synchronization jitter in the region of the signal onset. Since the error bars on the plateaus 
before and after time zero have the same magnitude as the error bars in the signal onset, we 
conclude that the noise introduced by the jitter is not dominant and therefore the width of 
the cross-correlation must be mainly due to the x-ray pulse-width. Higher x-ray pulse 
intensities should narrow down the contribution of the shot-noise to the error-bars and 
allow a better estimate of the jitter. 
 
Figure 7.12 shows the similarity between the decay of the x-ray probe signal and the 
fluorescence measurement. In fact the decay of the x-ray pump-probe signal can be fitted 
with the same fit function (6.12) and the same values for k1, k2 and k3 as the fluorescence 
data (table 6.2). This is strong evidence that the x-ray and fluorescence measurements 
detect the same excited-state species. The x-ray measurements yield a value for k4 two 
times larger than do the fluorescence measurements, which is however still within the error 
of the value retrieved from the fluorescence data. The faster rate constant obtained with the 
x-ray experiment is probably more accurate because it was measured with two orders of 
magnitude higher temporal resolution.  
 
In § 6.1.2 a “dark state” was postulated [1], which could explain the off-balance in 
concentration between ground-state and photo-products. The [Ru(bpy)2(bpy)-]2+≠ molecule 
was supposed to be long-lived, not accessible by light excitation, does not fluoresce and 
does not convert to the 3MLCT state. From the x-ray data we can say that if it is a Ru(III) 
compound, it does not live very long (on a 10-100 ns time-scale), since this would 
introduce an offset in the decay signal (which is sensitive to the Ru(III) concentration), or 
it converts quickly into the 3MLCT state. This brings back the problem of explaining the 
off-balance in concentrations. The missing compound must be another Ru(II) species, e.g. 
[RuII(bpy)(bpy)2-] or [RuII(bpy)2(bpy)*]2+ with a photo-excited ligand. The absorption 
spectrum of ground-state [Ru(bpy)3]2+ shows a ligand-centered transition at 200 nm, which 
could be accessed via two-photon absorption. A similar reasoning can be put forward for 
the analysis of the pump-intensity dependent measurements. Figure 7.11 shows that the 
decay-time of the pump-probe signal is independent of the laser pump fluence and the 
signal amplitude is driven towards saturation. Possible explanations are the depletion of the 
3MLCT state or the opening of a different photo-excitation channel, which competes with 
the formation of the 3MLCT state. Whatever other ruthenium compound is formed instead 
of the 3MLCT state, it is not Ru(III), which would add to the probe amplitude and alter the 
decay kinetics of the signal. 
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To summarize, the valence shift of the XANES features and the appearance of the 2p-
4d(t2g) transition confirm the 3+ oxidation state of the excited-state molecule. The 
measured L3 and L2 edge spectra of the excited-state complex agree with the results of 
calculations, indicating a trigonally distorted octahedral symmetry. The question of 
whether localization of the photo-excited electron on one of the bipyridine ligands occurs 
cannot be definitively answered with this data. A localized electron implies C2 symmetry. 
However, its effect could be small and cause no significant molecular rearrangements in 
the excited-state, thus leaving the trigonally distorted octahedral ligand field unaltered. It is 
also possible that the 2p-4d transitions in C2 are similar to those in D3, making a distinction 
between both difficult. The kinetic traces of the x-ray pump-probe signal are the same as 
for the fluorescence study, confirming that the detected Ru(III) species in the x-ray data is 
in fact the 3MLCT state. Due to the sensitivity of the x-ray measurement to the oxidation 
state of the ruthenium compound, we can exclude a long-lived Ru(III) dark state. 
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8. Conclusion 
 
This work presents a new pump-probe scheme for picosecond resolved x-ray absorption 
measurements at a synchrotron source. The detection scheme was optimized to record 
single low intensity x-ray pulses from a bend magnet source, hereby reducing all noise 
sources and approaching the shot-noise limit of the source. This set-up can detect 
absorption changes of as low as 0.5 mOD, which allowed the measurement of the pump-
probe signal from a dilute solution (1 mM) of [Ru(bpy)3]2+. We can change the laser timing 
electronically to any arbitrary time-delay relative to the x-ray pulses from the synchrotron, 
thus, allowing continuous time scans of the pump-probe signal. The implementation of a 
cross-correlator allowed us to unambiguously set the zero time delay between laser and x-
ray pulses with a precision better than 10 picoseconds. The 75 ps x-ray pulse-width is 
currently the limiting factor of the temporal resolution in this pump-probe scheme. 
 
We measured the ruthenium L3 and L2 edge x-ray absorption spectra of ground-state and 
excited-state [Ru(bpy)3]2+ in aqueous solution. The L-edges in the excited state show a 
valence-shift to higher photon energies, thus supporting the oxidation state change from +2 
to +3 in the excited-state. Also, additional absorption features appear, which are the 
transitions from 2p3/2 and 2p1/2 to 4d (t2g). These transitions are accessible only in the 
excited state, because the laser removed one electron from the formerly completely filled 
t2g orbitals. Also, we extract the crystal-field splitting of 4.3 eV between the t2g and eg 
orbitals from the XANES spectrum of the triplet state. This splitting is comparable to the 
crystal field splitting of the octahedral compound [Ru(NH3)6]3+. Therefore, we conclude, 
that the main contribution to the crystal field in the excited-state molecule 
[RuIII(bpy)2(bpy)-]2+ is an octahedral geometry of the ligands. The transition 2p1/2 to 4d 
(t2g) is forbidden in a perfect octahedral symmetry (suppressed by the 4d spin-orbit 
coupling), but it is allowed in a trigonally distorted ligand field. Thus, we observe the 
trigonal distortion of the excited-state molecule due to the appearance of the 2p1/2 to 
4d (t2g) transition below the L2-edge. The measured x-ray absorption spectrum of the 
excited state is in good agreement with the predictions of the multiplet calculations, taking 
a trigonally distorted octahedral crystal field as an input parameter. An excited-state 
molecule with a localized electron on one ligand has a lower symmetry, i.e. C2. The 
description of the excited-state by D3 symmetry does not exclude such a localization. It is 
possible that the distribution of the charges corresponds to C2 symmetry, but without any 
significant molecular rearrangements the D3 crystal field is preserved and dominates the 
shape of the x-ray absorption spectrum. It is also possible that 2p-4d dipole transitions in 
C2 symmetry are similar to those in D3. In this case, the decision between C2 and D3 
symmetry cannot be made based on the two 2p-4d near edge features alone.  
 
The decay of the excited-state species to the ground state was measured both with time-
resolved x-ray absorption spectroscopy and visible fluorescence detection. The two 
methods monitor two different observables. X-ray absorption spectroscopy monitors the 
concentration of Ru(III) during the photo-cycle, while the visible fluorescence signal is 
proportional to the excited-state population in the triplet state 3[RuIII(bpy)2(bpy)-]2+. Both 
decay signals show a similar dependence on sample concentration. Besides quenching 
mechanisms like ground-state quenching or triplet-triplet annihilation a fast 5 ns decay 
component is observed, which had not been reported before. We attribute this quenching 
mechanism to a cluster effect, where excited-state species are part of small conglomerates. 
Due to the close contact and interaction with other [Ru(bpy)3]2+ particles the 3MLCT state 
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is quickly deactivated. The rate constant of triplet-triplet quenching (k3) has been reported 
in literature to vary with concentration. The measurements described in this thesis allowed 
quantifying the dependence of k3 as being directly proportional to the overall concentration 
of sample molecules in the solution. This suggests a slightly modified view on the 
mechanism how triplet-triplet annihilation works on a molecular level. Apparently the 
presence of a third particle in the deactivation process (and this is also true for ground-state 
quenching) catalysis the non-luminescent decay of the 3MLCT state to the ground-state. 
The similarity between the x-ray and fluorescence data leads to the conclusion that the 
particles, which leave the triplet excited state, immediately change their oxidation state 
back to Ru(II). Jonah et al. postulated a long-lived Ru(III) “dark-state” as a secondary 
product in the photocycle of [Ru(bpy)3]2+. Such a contribution to the decay kinetics in the 
time-resolved x-ray absorption measurement is not found. Therefore, we conclude that no 
“dark-state” is present under the chosen pump-probe conditions, i.e. large sample 
concentrations and intense laser pump pulses. 
 
The expected signal-to-noise ratio in the time-resolved x-ray absorption measurements was 
modeled with an algorithm, which focuses on the optimization of the experimental 
conditions (sample thickness and concentration) and predicts the feasibility of a given 
experiment. The comparison between the signal-to-noise ratio from the calculation and the 
measurement shows a good agreement, which confirms the applicability of the algorithm. 
Thus, it will be used in future for the estimation of the feasibility of time-resolved x-ray 
absorption measurements on new systems.  
 
 
8.1 Outlook 
An interesting field to explore with time-resolved x-ray absorption spectroscopy is the 
study of photoactive biological samples and their function in the physiological medium. 
The difficulty of a successful measurement lies in the low concentrations in which bio-
molecules can be supplied. Typical concentrations of proteins do not exceed 5 mmol/l. 
Thus, in the near future the detection scheme of our set-up will switch from transmission to 
fluorescence mode. The transmission signal of a compound in dilute solutions rides on a 
large background signal, which makes small photo-induced changes more difficult to 
detect. Fluorescence detection gains in the signal-to-noise ratio, because it suppresses the 
background signal. Appendix F summarizes some preliminary measurements towards 
fluorescence detection with our set-up. The set-up will soon be implemented at a 
microfocussing undulator beamline at the Swiss Light Source, which offers a number of 
advantages. The first and most obvious one is the higher x-ray flux, which will 
significantly shorten the integration times of our measurements. The small x-ray spot size 
on the sample (~10 µm diameter) is another advantage, which demands less laser power for 
the excitation process. So far we have been restricted to work with wavelengths at the 
fundamental amplifier output and its higher harmonics (800 nm, 400 nm, 266 nm) to cover 
a rather large x-ray spot-size of 250 µm. Less laser power implies more tunability of the 
laser excitation wavelength and, thus, an optimized excitation process fine-tuned to the 
optical absorption spectrum of the sample under investigation. 
 
The temporal resolution of the set-up is not limited by the detection scheme, but by the x-
ray pulse width. With new developments like the femto-second slicing source [1] (in 
commissioning at the ALS in Berkeley and in preparation at the Swiss Light Source in 
Villigen) we can increase the temporal resolution up to three orders of magnitude. The 
scheme is based on the generation of femtosecond x-rays by scattering a femtosecond laser 
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pulse from a relativistic electron bunch. The ultrafast laser pulse co-propagates with the 
electron bunch inside an undulator insertion device, and slices out a wedge of electrons 
from the 100 ps long bunch. This small slice of electrons consequently produces a shorter 
pulse of x-rays at an extraction device, possibly as short as 50-100 femtoseconds. The laser 
oscillator for the slicing technique will also generate pump pulses (i.e. seed a laser 
amplifier). Thus, the experiment will be jitter free and the full potential of a cross 
correlation of a femtosecond laser pulse and a femtosecond x-ray pulse can be exploited. 
The “cost” of a sliced femtosecond x-ray pulse is the reduced flux. Only 1/1000th of an 
electron bunch in the storage ring is used for the extraction of x-rays. In the more distant 
future (~2010) free electron lasers (FEL) will become available. The FEL is an x-ray laser 
with all the advantages that go along with a typical optical pulsed laser source: ultrashort, 
intense pulses with monochromatic, coherent photons. FELs are linear-accelerator (linac) 
based machines, which exploit self-amplified spontaneous emission within a long 
undulator. The extremely long undulator is essential because the laser “cavity” is 
mirrorless. One can seed a second undulator with this radiation and obtain pulse intensities 
comparable to optical lasers (1011-1012 photons/pulse) [2]. The energy deposit on the 
sample by one of these pulses will be so large that it will basically lead to its destruction 
after one shot. Single shot experiments like single molecule diffraction are envisioned. A 
precursor known as the Sub-Picosecond Photon Source (SPPS) has recently been taken 
into operation [3]. It is designed to produce 100 fs short photon pulses at 1.5 Å photon-
wavelength and a flux of 3·107 photons/pulse. X-ray FELs are considered as a 
“revolutionary” development, while another potential source of femtosecond x-ray pulses, 
the energy recovery linacs (ERLs), is an “evolutionary” extension to the existing storage-
ring technology [4]. Instead of continuously circulating in the storage-ring, the electron 
bunches pass only once through conventional insertion devices and are decelerated in the 
same linac, which produced them, in order to recover the energy. This single-pass system 
keeps the emittance small and the pulse-width short. Unlike FELs ERLs can be used for 
more conventional synchrotron based experiments, which do not need such high pulse 
intensities as predicted for the FELs. 
 
Time-resolved x-ray spectroscopy is a nascent field with a large potential and many 
combined efforts are undertaken in this field to push it forward. In this sense, this work has 
to be seen as one of the stepping stones towards femtochemistry with x-ray probing tools. 
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Appendix A:  Atomic Scattering Factors 
 
The atomic scattering factors were obtained from the online utility www-cxro.lbl.gov, 
which is based on the following references: 
 
B.L. Henke, E.M. Gullikson, J.C. Davis, Atomic Data and Nuclear Data Tables 54, 181-
342 (1993), “X-ray interactions: photoabsorption, scattering, transmission, and reflection at 
E=50-30000 eV, Z=1-92” 
 
J.H. Hubbell, W.J. Veigele, E.A. Briggs, R.T. Brown, D.T. Cromer, R.J. Howerton, J. 
Phys. Chem. Ref. Data 4, 471-538 (1975); erratum in 6, 615-616 (1977), ”Atomic Form 
Factors, Incoherent Scattering Functions, and Photon Scattering Cross Sections”. 
 
 
element eV f1 f2 
hydrogen 2791.46 
2836.61 
2882.49 
2929.11 
7079.22 
7193.72 
7310.07 
1.00007 
1.00007 
1.00006 
1.00006 
0.99999 
0.99999 
0.99999 
1.43137·10-5
1.37685·10-5
1.32435·10-5
1.27377·10-5
1.51173·10-6 
1.45464·10-6
1.3997·10-6
carbon 2791.46 
2836.61 
2882.49 
2929.11 
7079.22 
7193.72 
7310.07 
6.02421 
6.02352 
6.02285 
6.10742 
6.10498 
6.10259 
6.10024 
0.08948 
0.08666 
0.08391 
0.08126 
0.01274 
0.0123 
0.01187 
nitrogen 2791.46 
2836.61 
2882.49 
2929.11 
7079.22 
7193.72 
7310.07 
7.1667 
7.16327 
7.15988 
7.15654 
7.04067 
7.03957 
7.03848 
0.1654 
0.16025 
0.15525 
0.15039 
0.02422 
0.0234 
0.02261 
oxygen 7079.22 
7193.72 
7310.07 
8.06471 
8.06304 
8.0614 
0.04426 
0.04279 
0.04136 
sodium 7079.22 
7193.72 
7310.07 
11.166 
11.1622 
11.1586 
0.15811 
0.15312 
0.14829 
chloride 2791.46 
2822.3 
2822.5 
2836.61 
2882.49 
2929.11 
12.3484 
5.68102 
5.68236 
11.5499 
13.3286 
14.062 
0.42441 
0.41594 
4.11507 
4.08546 
3.9916 
3.89901 
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iron 7079.22 
7111.9 
7112.1 
7193.72 
7310.07 
20.9344 
14.7513 
14.7518 
22.0197 
23.0311 
0.48564 
0.48177 
3.85592 
3.79269 
3.70552 
ruthenium 2791.46 
2836.61 
2837.8 
2838 
2882.49 
2929.11 
2966.8 
2967 
2976.48 
3024.63 
29.747 
20.7864 
14.4852 
14.4865 
29.2224 
30.2058 
24.1828 
24.1914 
29.704 
32.6557 
3.25063 
3.17693 
3.17502 
10.9151 
10.6711 
10.4251 
10.2331 
14.0216 
13.9577 
13.6407 
 
The index of refraction n of an element is related to the forward scattering factor 
  via: 21 fff +=
  ( 21221 fifn
rn ie ⋅+⋅⋅⋅⋅−= λπ ) .     (A.1) 
re is the classical electron radius ( m), 15108179.2 −⋅ λ the photon wavelength, ni the number 
of i-type atoms per unit volume and f1 and f2 are the real and imaginary part of the atomic 
scattering factor. The photoabsorption cross-section σ  is related to the imaginary part of 
the atomic scattering factor according to: 
 
  22 fre ⋅⋅⋅= λσ .       (A.2) 
 
f1 and f2 are dimensionless values. 
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Appendix B:  X-ray Flux 
 
The x-ray flux [photons/second] on the sample is calculated according to equation (B.1). 
The different components are discussed in the following. 
 
    
           (B.1) 
 
The brightness of ALS bend magnet 5.3.1 is calculated with an on-line utility [1] using the 
input parameters: magnetic field of the bend magnet 1.27 Tesla, ring current 400 mA, 
electron energy 1.9 GeV. The brightness depends on the angle (Ψ ) of observation with 
respect to the plane of the storage ring and the polarization of the radiation. S-polarization 
is with the electric field vector parallel to the plane of the storage ring. P-polarization is 
with the electric field vector perpendicular to the plane of the ring. Figure B.1 illustrates 
the angular and polarization dependent brightness. 
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Figure B.1. Brightness curves normalized to 0.1 % BW for s- and p-polarized light under 
different vertical angles. 
 
 
The contribution of p-polarized light is negligibly small for the chosen angles of 
observation. Thus, p-polarized light is not taken into account in the calculation of the 
overall flux. The vertical angular distribution of the synchrotron radiation above and below 
the electron orbit is symmetrical. Therefore one finds the same set of brilliance curves for 
negative vertical angles. There are three reflective elements in the beamline. The platinum 
mirror with reflectivity R(Pt) at a grazing incidence angle of 5 mrad and the two Ge(111) 
crystals (double monochromator), each with a reflectivity R(Ge) under Bragg condition. 
The calculated values for R(Pt) [1] and  R2(Ge) [2] are shown in figure B.2. 
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Figure B.2. a) Squared reflectivity of the Ge(111) double crystal monochromator under 
Bragg condition and b) reflectivity of the platinum mirror under 5 mrad grazing incidence 
angle.  
 
 
The physical dimensions of the platinum mirror set the limits for the horizontal θ  and 
vertical angles of integration of the flux, i.e. horizontally 3 mrad and vertically +/- 0.167 
mrad (0.333 mrad full angle). Before hitting the sample, the radiation is transmitted 
through a 50 µm Be-window and ca. 65 cm of He-atmosphere. The transmission (T) of 
both is plotted in figure B.3. 
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Figure B.3. Transmission through 50 µm Be (a) and 65 cm He (b). 
 
 
The limits of integration over photon energy E in equation (B.1) depend on the energy 
resolution E∆ of the flux (appendix C). I calculate the spectral dependent flux by 
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multiplying the brightness-curves in figure B.1 with RPt , 2GeR , TB d THe . The integration 
over the horizontal angle θ  is a s ple multiplication by 3 mrad, assuming that the 
brightness does not change in the plane of the storage ring. Vertically, as indicated in 
figure B.1, is a dependence on the angle. Therefore, the curves have to be interpolated at 
each photon-energy and then the integration over +/- 0.167 mrad follows. The result 
corresponds to the flux within 0.1 % bandwidth, since the original brightness curves were 
scaled to this value. The bandwidth in our experiment (
im
/ EE∆ ) differs from this value, 
which is why a factor )001.0/( EE ⋅∆  needs to be added. The result is shown in figure B.4. 
The left abscissa shows the flux as photons per second. The abscissa on the right side 
shows the number of photons per camshaft pulse. This number is calculated by scaling 
down the ring current from 400 mA to 10 mA, and by dividing the flux by the revolution 
frequency of the ring (1.52 MHz). 
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Figure B.4. X-ray flux on sample. The left abscissa shows the overall flux of the beamline, 
while the right abscissa is scaled to the number of photons per camshaft pulse. The line is 
the calculation and the dots are experimental data. 
 
 
The spectrally dependent flux at beamline 5.3.1 was measured and published in an internal 
report [3]. The measured flux is by a factor of 5 lower than the ideal values (the 
calculation). The discrepancy is tentatively attributed to a possible imperfection of the 
monochromator crystals.  
 
 
 
 
[1] The data for brightness, mirror reflectivity and transmission (Be, He) were calculated via an online utility: 
www-cxro.lbl.gov. 
 
[2] The rocking curve of the monochromator crystal was calculated by the software XOP 2.0, free available 
from the ESRF webpage: www.esrf.fr (downloads). 
 
[3] T.E. Glover, P.A. Heimann, R.W. Schoenlein, Advanced Light Source, Lawrence Berkeley National 
Laboratories, Internal Report, March 2002, “Beamline 5.3.1 Spectrally-Resolved Flux” 
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Appendix C: X-ray Resolution 
 
The energy resolution of the flux measured on the sample is a convolution of the 
bandwidth of the monochromator and the divergence of the x-ray beam. Assuming 
Gaussian profiles for the width of the squared rocking curve ωR (squared because of the 
double crystal monochromator) and the divergence Ψ of the beam, we can calculate the 
energy resolution ∆E/E as 
 
 ( ) ( )22 cotcot BRBE
E θωθ ⋅+⋅Ψ=∆    (C.1) 
 
where θB is the Bragg angle and BR θω cot⋅  the monochromator bandwidth. Figure C.1 
indicates the significance of the different contributions to the energy resolution. The 
divergence of the x-ray source increases at lower photon energies. At about 4000 eV the 
vertical acceptance of the mirror sets an upper limit of 0.333 mrad to the divergence of the 
x-ray beam on the monochromator. In the lower energy part of the spectrum (< 2500 eV) 
the width of the squared rocking curve of Ge(111) increases compared to the divergence of 
the beam. So, one can see that the divergence of the beam dominates the energy resolution 
in the upper and the bandwidth of the monochromator in the lower part of the spectrum. 
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Figure C.1. Comparison of SR-divergence and width of the squared rocking curves of 
Ge(111) and Si(111) 
 
 
Our experiments are carried out at photon energies beyond 2500 eV. Since the resolution 
in this range is dominated by the divergence of the source, it makes sense to select a 
monochromator crystal by its throughput and not necessarily by its monochromatic 
qualities - as long as the width of its squared rocking curve is smaller than the divergence 
of the beam. Si(111) for example has a squared rocking curve, which is half as wide as the 
one of Ge(111). The energy resolution of a Si(111) double crystal monochrometer is about 
10 % better, but the flux is cut down by a factor of 2. A 10 % improvement in resolution is 
little and not worth the sacrifice of halving the flux, especially since the measured 
absorption spectra in our case have peak widths of about 2 eV at 2840 eV, which can easily 
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be resolved with a Ge(111) double crystal monochromator. Figure C.2 plots the 
bandwidths for the flux after a Ge(111) and Si(111) monochromator including the effect of 
beam divergence. 
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Figure C.2. Bandwidths calculated according to equation C.1 for Ge(111) and Si(111) 
double crystal monochromators. 
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Appendix D: Mathematica Code 
 
H∗ Ruthenium L3 edge H2840.2 eVL ∗L
σxRu2 = 1.47 ∗10−16; H∗ground state xray abs.cr.sec. mm2∗L
σxRu3 = 8.4 ∗10−17; H∗exc state xray abs.cr.sec. mm2∗L
σxsol = 6.7 ∗10−19; H∗water xray abs.cr.sec. mm2∗L
σxRest = 2.9 ∗10−17; H∗ 2 Cl, 30 C, 6 N∗L
Nx0 = 10000; H∗x−ray photonsêpulse∗L
d = 0.07; H∗thickness of sample in mm∗L
nsol = 55.56∗ 6.022 ∗ 1017; H∗concentration of sample particlesêmm3∗L
F = 0.25∗ 0.25; H∗spot size mm2∗L
H∗f@n_D=1;∗L
g@n_D = E−Hn∗σxRu2+σxsol∗nsol+n∗σxRestL∗d;
e@n_D = E−n∗f@nD∗HσxRu3−σxRu2L∗d;
IRu2@n_D = Nx0∗ g@nD;
Ipump@n_D = Nx0∗ g@nD∗e@nD;
pp@n_D = Log@10, IRu2@nDêIpump@nDD; H∗pump−probe signal∗L
SN@n_D = Log@IRu2@nDêIpump@nDD
$ 1IRu2@nD +
1
Ipump@nD
; H∗signal−to−noise ratio∗L
photons@n_D = N
x0
SN@nD2 ; H∗photons for SN=1∗L
Plot@SN@n∗ 6.022 ∗ 1017D, 8n, 0, 0.5<, PlotRange → All,
PlotStyle −> 8RGBColor@1, 0, 0D<,
AxesLabel −> 8"mol", "SêN"<, PlotLabel −> "signalênoise"D;
Plot@pp@n∗ 6.022 ∗ 1017D, 8n, 0, 0.5<, PlotRange → All,
PlotStyle −> 8RGBColor@1, 0, 0D<,
AxesLabel −> 8"mol", "S"<, PlotLabel −> "signal"D;
m = FindMinimum@SN@n∗ 6.022 ∗ 1017D, 8n, 0.01, 0.05<D
n1 = n ê. mP2T;
Print "best concentration: ", n1, " mol l"@ ê D  
 
H∗ export data file ∗L
SetDirectory@"F:\data\mathematica"D;
writeArray@streamname_, data_ListD :=
Do@Do@WriteString@streamname, dataPi, jT, " "D, 8j, 1, Length@dataPiTD<D;
Write@streamnameD, 8i, 1, Length@dataD<D;
t = Table@8n, FortranForm@SN@n ∗ 6.022∗ 1017DD<, 8n, 0.2, 2, 0.2<D;
aa = OpenWrite@"filename.dat"D;
writeArray@aa, tD;
Close aa ;@ D  
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Appendix E:  Optical Pump-Probe Set-up 
 
A Ti:sapphire based amplified femto-second laser system (Spectra Physics) is used for the 
optical pump-probe experiments. The output of the regenerative amplifier is 800 µJ pulse 
energy, 800 nm central wavelength, 150 fs estimated pulse width at a repetition rate of 
1 kHz. The set-up is depicted in figure A.1.  
oscillator regen. amplifier
monochromator
glass-fiber
beam splitter
delay line
Al mirror
λ/2
SHG
λ = 800 nm
aperture
lense
CaF2
BG9 filter
achromat lense
400 nm pump
WL probe
sample
CCD ND filter
400 nm mirror
 
Figure A.1. Optical pump-probe set-up in the Lausanne laser laboratory.  The pump beam 
consists of 400 nm pulses created by second harmonic generation (SHG) in a BBO crystal. 
The probe beam is white light created by continuum generation in a CaF2 crystal. After the 
sample the white light is coupled into a monochromator and the spectrum is recorded with 
a CCD camera. 
 
 
The IR beam is split into two branches, which are the pump and the probe beams. About 
10 % of the total intensity is used in the probe beam for the production of white light, 
which allows the measurement of absorption changes over a wide range of wavelengths 
(see figure A.2). The white light is created by focusing the IR-beam on a 2 mm thick CaF2 
window. A tunable neutral density filter and an adjustable aperture control the intensity of 
the IR-light and optimize the stability of the white light. The CaF2 crystal is moved 
continuously (translational motion) perpendicular to the incoming beam to avoid radiation 
damage. A BG9 filter eliminates the remaining IR light in the white light pulse and two 
achromat lenses collect and focus the light onto the sample. Then the probe beam is guided 
into a glass-fiber, which couples the light into a monochromator (Jobin-Yvon) and the 
spectrum is recorded on a CCD camera. The detection system is calibrated with a mercury 
lamp (lines at 365.02 nm, 404.66 nm, 435.83 nm, 546.07 nm, 576.96 nm and 579.07 nm 
[1]). 
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Figure A.2. Typical white light spectrum created by focusing IR-light into a CaF2 crystal. 
The intensity on the longer wavelength side of the spectrum is reduced due to the BG9 
filter. 
 
 
The pump-pulses are 400 nm light, which is produced by second harmonic generation 
(SHG) in a BBO crystal (12 x 12 x 0.5 mm3, type 1,θ = 29°,ϕ = 90°). The dielectric 
mirrors, which guide the 400 nm light onto the sample, act at the same time as filters for 
the remaining IR light in the pump-beam. In some experiments (§ 4.3) UV pulses were 
necessary for the sample excitation. Figure A.3 illustrates the generation of 266 nm pulses.  
 
800 800 800
800 + 400 800400 400 400
266
SHG time-plate λ/2 THG
 
Figure A.3. Third harmonic generation (THG) of 266 nm light. 
 
 
The first step is the second harmonic generation of 400 nm light in a BBO crystal as 
mentioned above. The 400 nm is perpendicular to the IR light and due to the difference in 
group velocity delayed. The time delay between IR and 400 nm light is compensated by a 
“time-plate”, which is another BBO crystal (8 x 6 x 1.5 mm3, type 1,θ = 70°,ϕ = 90°). In 
the next step the polarization of the 800 nm light is rotated by 90° passing through a quartz 
retardation plate (thickness 0.58444 mm). The third harmonic generation (THG) of 266 nm 
is accomplished by mixing the 400 nm and 800 nm pulses in another BBO crystal (6 x 6 x 
0.5 mm3, type 1,θ = 44.3°,ϕ = 90°). The 400 nm mirrors in the above mentioned set-up 
have to be replaced by UV dielectric mirrors, which automatically eliminate the 
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contribution of 400 nm and 800 nm light in the pump beam. The efficiency of SHG is 
about 25 %, for THG about 10 %. When lower pump intensities are desired, the 
polarization of the incoming IR beam is rotated; this simply makes the SHG and THG less 
efficient. 
 
 
The time-delay between pump and probe pulse is adjusted by increasing the path length, 
which the probe light has to travel. 
 
 
 
 
 
[1] K. Burn, K.B. Adams, J. Longwell, Journal of the Optical Society of America 40, 339-344 (1950), 
“Interference Measurements in the Spectra of Neon and Natural Mercury” 
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Appendix F: X-ray Fluorescence Spectroscopy 
 
This appendix presents a first approach towards x-ray fluorescence detection with the set-
up as described in § 3 for time-resolved x-ray absorption spectroscopy. The sample is a 
0.2 mm thick jet of 0.1 molar Mn2(CO)10 in toluene. Mn2(CO)10 yields two photo-products: 
Mn2(CO)9 and Mn(CO)5, both are subject to large molecular rearrangements, which are 
expected to show significant changes in the XANES and EXAFS spectra.   
 
x-ray beam
laser
liquid jet
transmission
detection
fluorescence
detection
detected
solid angle
 
 
Figure E.1. The fluorescence detector is mounted with a distance of 45mm to the sample 
and with an angle of ca. 60° with the incoming x-ray beam. In the above shown 
configuration fluorescence and transmission data can be collected at the same time. 
 
 
The fluorescence measurement is carried out simultaneously with the transmission 
measurement, which imposes restrictions on the position of the fluorescence detector. An 
arrangement in 90° with the incoming x-ray beam (standard in fluorescence spectroscopy) 
is not possible, because the liquid jet has a thickness of 6 mm in this direction, which 
means that the fluorescence photons would have to pass through 3 mm of the sample 
before their detection. Thus, a smaller angle (60°) is chosen, which at the same time avoids 
the reflected laser beam from the surface of the jet. Figure E.1 shows a sketch of the set-up. 
The detector is a windowless silicon large-area avalanche photodiode (RMD model 
S0814). The 8x8 mm2 active area of the detector is covered with a 15 µm thick beryllium 
window, which protects the diode from the scattered laser light. The APD signal is gated 
with a detection window of 100 ns, set on the multibunch with a time-delay of 75 ns to the 
laser pump pulse. The 2 kHz data-acquisition records alternating Mn Kα fluorescence 
signals from the laser excited and the unperturbed sample, while the monochromator scans 
over the energy region of the Mn K edge. The fluorescence from the unperturbed sample is 
plotted in figure E.2a and the difference signal in figure E.2b (thick solid line). The data 
presents a single scan, averaging 5000 gated signals per data-point. No pump probe effect 
is visible in figure E.2b, but we can carry out a statistical analysis of the sensitivity of the 
fluorescence measurement, which reaches 2.5 % noise normalized to the edge. 
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Figure E.2. a) Fluorescence (thick line) and absorption signal (thin line) of the Mn K edge 
of Mn2(CO)10 in comparison. b) Pump-probe signal measured by fluorescence (thick line) 
and absorption. 
 
 
In the following the sensitivity of the fluorescence measurement is compared to a 
calculation of the expected photon-flux on the fluorescence detector, in order to estimate 
the efficiency of the fluorescence set-up. The flux at 6.5 keV is  photons/second (see 
appendix B), i.e. 1.6·10
12101⋅
5 photons within a 100 ns detection gate on the multibunch. 6 % of 
the incoming photons are absorbed by the Mn edge. The x-ray fluorescence yield is 35 % 
[1] and the solid angle is 0.25 %. The transmission through the Be-window is 99 % and the 
quantum efficiency of the detector at 5.9 keV (Kα) is 50 %. Thus, we expect to measure 
4.1 photons per detection gate, or 2·104 photons for 5000 detected signals, which 
corresponds to the number of averaged signals in figure E.2. In case the detection scheme 
was noise-free, the shot-noise of the x-rays (Nx-rays= 2·104) would yield a sensitivity of  
 
   007.01 ===
−−
−
raysxraysx
raysx
NN
N
signal
noise  or 0.7 %.  
 
This compares to a sensitivity of 2.5 % in E.2. The discrepancy of a factor of 3.5 indicates 
that sources other than shot-noise decrease the sensitivity of the fluorescence detection set-
up. 
 
Parallel to the fluorescence measurement the gated transmission signal of the camshaft 
pulse with a 0.5 ns pump-probe delay was recorded. Figure E.2 includes the normalized 
absorption and the difference in optical density scaled to the edge. The absorption 
measurement reaches a sensitivity of 0.9 %, which is a factor of 2.8 better than the 
fluorescence measurement. The transmission detection is expected to yield higher signal-
to-noise ratios for concentrated samples, because the sample absorption (here 6 %) is still a 
significant contribution to the transmission spectrum (see figure E.3).  
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Figure E.3. Transmission signal of 0.1 M Mn2(CO)10 in a 0.1 mm thick jet of toluene. 
 
 
The signal-to-noise ratio decreases for dilute samples, where the sample induced 
transmission changes approach the magnitude of the shot-noise. Fluorescence detection is 
in principle a background free measurement. However, the sample scatters x-ray photons 
elastically and inelastically to a certain extent, which can complicate the detection of 
fluorescence photons from extremely dilute samples. In the fluorescence measurement of 
100 mM Mn2(CO)10 the background of scattered photons is negligible. The temporal 
resolution of the above fluorescence measurement is by a factor of 1000 worse than the 
absorption measurement, because a wide detection gate over the multibunch was chosen in 
order to increase the photon count rate on the detector. When narrowing the detection gate 
from 100 ns down to 10 ns and setting it to the camshaft pulse, the incoming flux is 
reduced by a factor of 7, thus increasing the noise by 7 . In order to increase the 
sensitivity of the fluorescence signal with the current set-up the fluorescence photons have 
to be collected over a larger solid angle. It is possible to move the detector closer to the jet, 
or use a larger detector, or use an array of detectors around the sample. The other (obvious) 
possibility is the use of a stronger x-ray source, i.e. an undulator beamline. Figure E.2a 
shows the Mn K edge measured by fluorescence detection and the absorption spectrum in 
transmission mode. The spectrum measured in transmission has some extra peaks in the 
near edge region and ca. 150 eV above the edge. These peaks, which are reproduced from 
scan to scan, are probably artifacts from the monochromator. The monochromator crystals 
have a very shallow angle of 17° at 6.5 keV and it is possible that white-light spills over at 
certain angles. The detector in transmission mode would measure an increased signal, 
while most of the white light has the wrong energy to trigger the Kα fluorescence of 
manganese. The measured spectral distribution of the flux in appendix B shows that two 
thirds of the flux is below the necessary energy of 6.5 keV and above the edge the 
absorption cross-section decreases by E1/3 (E = photon energy). Thus, the contribution of 
this type of artifact to the fluorescence measurement would be small. 
 
 
[1] M.O. Krause, Journal of Physical and Chemical Reference Data 8, 307-327 (1979), “Atomic Radiative 
and Radiationless Yields for K and L Shells” 
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